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ABSTRACT
In the United States, billions of pounds of animal by-products are generated by
the food processing industry every year. Hydrogen sulfide producing bacteria (SPB) can
utilize the sulfur-containing proteins and amino acids in the raw animal materials
destined for the rendering process to produce harmful hydrogen sulfide (H2S) gas rapidly
under the ambient conditions, resulting in hazardous working environments and inferior
quality of finished products. In this study, the application of bacteriophage was explored
as an effective solution for the elimination of H2S production in the rendering industry.
The objectives of this study were to: 1) isolate and characterize strains of SPB and their
specific bacteriophages, 2) to develop and optimize a bacteriophage cocktail specific for
SPB, 3) to reduce the SPB population and H2S production in raw animal materials by
administering phage cocktail under both laboratory condition and greenhouse
environment.
Twenty two meat, chicken offal and feather samples collected from local
supermarkets and rendering processing plants were tested for the presence of SPB.
Hydrogen sulfide producing bacteria population ranged from 2 to 6 logs CFU/g. One
hundred and forty two SPB were isolated and purified, and five predominant strains were
identified to species level as Escherichia coli, Citrobacter freundii and Hafnia alvei.
Bacteriophages (n=52) specific to SPB were successfully enriched from these samples
using the isolated SPB strains as hosts. The host ranges of purified bacteriophages against
5 predominant strains of SPB (isolate S12, S201, S203, S183 and S211) were determined.
Electron microscopy of nine phages selected for phage treatment revealed that
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bacteriophage isolates 211a, 214a, 214c, 217a, 218a and 12a belonged to the family of
Siphoviridae, whereas isolates 213a, 214b and 201a were to Myoviridae. Restriction
enzyme digestion analysis with endonuclease Dra I detected that phages 218a, 201a and
12a had identical patterns whereas phages 211a, 214a and 214c shared one pattern, and
phages 213a, 217a and 214b shared another pattern. The cocktail of the nine selected
phages was further tested for inhibiting the growth of five predominant SPB strains in the
tryptic soy broth (TSB) medium at 20 and 30°C. Phage treatment was able to prevent the
growth of SPB up to 10 h with the multiplicity of infection (MOI) ratio of 0.1, 1, 2, 5 and
10 at 30°C, but was less effective at 20°C.
The phage cocktail was further tested for controlling H2S production by SPB in
different raw poultry materials (chicken meat, chicken offal and chicken feathers). The
multiplicity of infection (MOI) ratios of 1, 10 and 100 were compared. The amount of
H2S production was determined using either test strips impregnated with 0.05, 0.5 or 10%
lead acetate or a H2S monitor. The five predominant SPB strains were inoculated into
fresh ground chicken meat at an initial population of 4 logs CFU/g, which produced H2S
detectable by the test strip assay after 4 and 8 h of incubation at 37 and 30°C,
respectively. With the bacteriophage treatment, the H2S production was reduced up to 35
and 47% at 37 and 30°C, respectively. At low temperature (20°C), the detectable time for
H2S production was extended to ca. 9 and 12 h with the initial SPB populations of 5 and 6
logs CFU SPB/g, respectively. The phage treatment reduced H2S production by 69 and
55% in fresh ground chicken meat inoculated with initial SPB populations of 5 and 6 logs
CFU/g, respectively. To test the effectiveness of the bacteriophage cocktail against

	
  

iii	
  

naturally occurring SPB, ground chicken meat was incubated at room temperature (ca.
22°C) for 5 h, which allowed the indigenous SPB to grow to ca. 4 logs CFU/g. The
bacteriophage treatment resulted in 25 and 57% reduction of H2S production at 37 and
30°C, respectively. In blended chicken guts and feathers containing ca. 4 and 6 logs
CFU/g of indigenous SPB, respectively, the bacteriophage treatment reduced H2S
production by 56 and 62% at 30°C, respectively. Among all phage treatments, the MOI
of 100 exhibited the highest inhibitory activities against SPB on H2S production, but was
not significantly different (p>0.05) from MOIs of 1 or 10.
Under the greenhouse condition, phage treatment with MOI of 1,000 achieved ca.
30~85% reduction of H2S production and 61% reduction in SPB population in chicken
offal. As compared to maximum SPB reduction of 32% achieved by spraying phage
cocktail (MOI of 100) on chicken feathers, the alternative phage treatment of adding
phages with MOI of 100 to feather processing water reduced SPB population by 82%.
Overall, phage treatment with high MOI values of 100 and 1,000 achieved ca.
25~85% reduction of H2S generated by SPB in raw poultry materials. Several factors
affecting lytic activities of bacteriophages were identified as initial SPB level,
temperature, and contact efficacy between SPB cells and phages. Our results
demonstrated our phage cocktail is effective to significantly reduce the production of H2S
by SPB in raw poultry materials under certain conditions.
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CHAPTER ONE
LITERATURE REVIEW
Introduction
In the United States, over 100 million hogs, 35 million cattle, and 8 billion
chickens are produced, slaughtered and processed annually (Meeker and Hamilton,
2006). About one-third to one-half of each animal is not consumed by humans, and this
portion increases with the production of pre-packed or table-ready meat products. There
are about 54 billion pounds of inedible by-products generated every year in United States.
In order to utilize this large amount of raw animal materials and reduce the pollution to
the environment, those raw animal materials are subjected to rendering processes for
production of animal meals and animal fats. The feeding of ruminant materials back to
ruminant animals was banned by FDA in 1997 to prevent the spread of bovine
spongiform encephalopathy (BSE) (Meeker and Hamilton, 2006).
About 200 rendering facilities are operating in the United States for converting
the animal by-products to valuable feed ingredient-protein meals. However, some cases
of worker death, which were caused by the inhalation of hydrogen sulfide (H2S) gas
during handling of raw animal materials, have been a major concern. Production of H2S
not only decreases the quality of meal products, but also harms the workers’ health. The
hydrogen sulfide-producing bacteria (SPB) are responsible for producing H2S. They exist
widely in raw animal materials and utilize the sulfur and sulfur-containing proteins as the
electron acceptor to produce H2S under anaerobic conditions. The produced H2S gas has
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high toxicity for humans and other animals. Therefore, this hazardous gas production
needs to be prevented.
In oil fields, chemical agents, such as adding nitrate salts to suppress SPB growth
and diminish sulfate reduction, have been applied to control the H2S production (Bodtker
et al., 2008). For clinical application, chlorhexidine and triclosan were reported to inhibit
SPB in the oral cavity and saliva (Sreenivasan, 2003; Sreenivasan and Gittins, 2004).
Antibiotics such as ciprofloxacin and metronidazole are also reported to control SPB
growth in rat. However, these traditional methods may have limited use in foods. For
example, in the application of nitrate, toxic nitrite, a carcinogen-producing agent, is
produced in the nitrate reducing reaction as a result of reducing H2S production.
Bacteriophages (phages) are bacterial viruses that can lyse specific bacteria cells
during their rapid replication without harming humans, animals and plants. These viral
particles can be found in the natural environment such as water, soil, and air.
Bacteriophages were discovered nearly a century ago and were used for more than 60
years for bacterial control in the pre-antibiotics period. In recent years, bacteriophage
treatment has drawn great attention due to the rapid development of antibiotic resistance
in some bacteria. Several studies have demonstrated the successful application of
bacteriophages for reducing pathogens in live animals (Smith and Huggins, 1983; Sheng
et. al., 2006; Atterbury et. al., 2007), fresh produce (Leverentz et. al., 2003; Pao et. al.,
2004), meat products (Greer et. al., 1988; Whichard et. al., 2003) and ready-to-eat foods
(Intralytix, 2006). This review focuses on the potential of applying bacteriophage to
inhibit hydrogen sulfide-producing bacteria in raw animal materials for rendering. No
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known previous research has been performed to study the effect of bacteriophage on the
inhibition of hydrogen sulfide-producing bacteria in raw animal materials destined for the
rendering process.

Hydrogen Sulfide-Producing Bacteria
Raw animal materials can be easily contaminated by microorganisms from animal
hides/skin, gastrointestinal tracts, lymph nodes, equipment used in slaughtering, hands of
handlers, and the processing environment. The microflora of raw animal materials consist
of both Gram-negative and Gram-positive bacteria with Acinetobacter, Aeromonas,
Moraxella, Pseudomonas and Psychrobacter being the predominant Gram-negative
bacteria, whereas Enterococci and Lactobacilli are among the major Gram-positive
bacteria (Borch et al, 1996; Gram et al., 2002; Hinton et al., 2004).
Due to the large population of microorganisms existing in raw animal materials
and the processing environment, spoilage caused by microorganisms can occur rapidly at
ambient temperatures. The spoilage microorganisms can use substrates such as sulfurcontaining proteins, amino acids, trimethlamineoxide, nucleotides and other non-protein
nitrogen molecules (Brosius et al., 1978; Gram & Huss, 1996). The spoilage of raw
animal materials is accompanied by the production of off-odor and off-color which is due
to formation of volatile compounds such as H2S, trimethylamine, aldehydes, ketones,
ester, hypoxanthanine and other compounds, as result of a bacterial growth.
The off-odor due to H2S production by bacteria occurs when bacteria utilize
sulfur-containing amino acids such as cysteine and methionine, sulfate and thiosulfate
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salts (Hinton et al. 2004). When the conditions of meat storage turn anaerobic, both
facultative anaerobes and strict anaerobes utilize sulfur as a terminal electron acceptor for
anaerobic respiration and produce H2S. The bacteria that produce H2S are called
hydrogen sulfide-producing bacteria (SPB). Hydrogen sulfide producing bacteria are
predominant among different bacterial flora associated with spoilage of food, and are
responsible for spoilage of meat, fish, poultry and dairy products. The genera of
Pseudomonas, Citrobacter, and Aeromonas are reported as predominant SPB, and other
SPB include Salmonella and E. coli (Layne et al., 1971; Barrett et al., 1987). Spoilage
due to SPB becomes sensory detectable when the number of SPB exceeds 107 CFU/g
food (Katkou et al., 2007). This level is achieved depending upon the storage condition of
food, which is approximately 12 days when the food is stored on ice, approximately 7
days at 4°C and even faster at higher temperatures.
Nicole et al. (1970) reported Pseudomonas mephitica was the predominant SPB,
which causes the green discoloration of prepacked beef due to the formation of
sulfmyoglobin. These SPB were isolated using lead acetate agar containing 0.001%
cysteine. The H2S production was only observed at pH 6.0 and above after 2 days at 20°C
or 14 days at 2°C under low O2 tension (1~2%). The low O2 tension allowed the bacteria
to use sulfur containing amino acids to produce H2S as well as to prevent sulfmyoglobin
from being oxidized to red metsulfmyoglobin.
McMeekin and Patterson (1975) did a survey of types of facultative anaerobic
organisms, which are capable of producing H2S in meat and poultry plants. Four
predominant SPB species were isolated using peptone iron agar plates after 3 days of
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incubation at 22°C, and these bacteria were identified as Pseudomonas putrefaciens,
Proteus spp., Citrobacter freundii, and Coryneform spp. P. putrefaciens growing faster at
a low temperature (5°C) than the other SPB plays an important role in the psychrophilic
spoilage of meat and meat products.
Hinton et al. (2004) reported Aeromonas as the predominant SPB isolated from
poultry carcasses in picking, evisceration and chilling steps. In that study, Iron Agar
plates were used to differentiate the SPB from other spoilage bacteria on chicken
carcasses. Contamination was primarily from biofilm or cracks and crevices on rubber
picker fingers. However, no Aeromonas were found in prescald carcasses due to the high
water temperature (51~62°C).
Washio et al. (2005) reported that SPB could be responsible for foul smelling
breath exhaled from the oral cavity of human. The coating of tongue can provide SPB
sulfur-containing nutrients such as cysteine and methionine from saliva and food debris.
The number of total bacteria and SPB were significantly higher in people with malodor
than those in the no/low malodor group. The oral malodor can be more severe when the
proportion of SPB increases. Using the Fastidious Anaerobe Agar plates containing
0.05% cysteine, 0.12% glutathione and 0.02% lead acetate, three predominant species of
SPB were isolated and identified as Veillonella, Actinomyces and Prevotella.
Hydrogen sulfide producing bacteria exist not only in animal meat and products,
but also can be found in soil, water and oil reservoirs. In ground water within mangrove
sediments, hydrogen sulfide producing bacteria use the sulfate from seawater and organic
carbon to produce H2S that cause elevated concentrations of hydrogen sulfide
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(O’Sullivan et al., 2005). SPB were also found in extreme environments such as deep oil
reservoirs and injection water for secondary oil recovery. In these environments, these
bacteria were able to survive in a wide temperature range (10~80°C) and under starvation
conditions. Their growth and activity were responsible for souring of crude oil, corrosion
of pipelines and processing equipment by their production of H2S (Lappin-Scott et al.
1994).

Rendering Industry and Process
In the United States, approximately 8 billion chickens, 100 million pigs and 35
million cattle are produced, slaughtered and processed every year (Meeker & Hamilton,
2006). However, 57% of the live weight of fish, 49% of the live weight of cattle, 44% of
the live weight of pigs, and 37% of the live weight of broilers are not consumed by
humans, and the inedible portion increases in the production of pre-packed or table ready
meat products. These inedible by-products including heads, feathers, skins, fat tissues,
feet, guts and etc. amount to 54 billion pounds annually in the United States (Meeker &
Hamilton, 2006). In order to utilize these raw animal materials containing approximately
60% moisture, approximately 20% protein and mineral, and 20% fat while reducing
potential pollution to the environment, these raw animal materials are subjected to
rendering processes to generate value added animal protein meals and animal fats. There
are about 200 rendering facilities in the United States, which produce approximately 11.2
billion pounds of animal protein and 10.9 billion pounds of rendered fats per year. These
rendered products have a value of approximately $6 billion dollars.
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Rendering processes cause both physical and chemical transformations using a
variety of equipment (Figure 1.1). First, the raw animal materials are collected and
transported to the rendering facility where the raw animal materials are ground into a
proper size. Then, the raw material particles are conveyed into the cooker either in batch
or continuous style where heat and pressure are applied. In this step, moisture from raw
animal materials is removed from the cooker in the form of steam, and the melted fat is
separated from raw animal materials for further utilization (Kondamudi et al., 2009).

Raw	
  animal	
  materials	
  

Heat	
  processing	
  
(Time	
  ×	
  Temperature)	
  

Sizing	
  

Protein	
  

Grinding	
  

Storage/Load	
  out	
  

Press	
  

Fat	
  Clean-‐up	
  

Figure 1.1: Diagram of rendering process. (Hamilton, 2002)
Temperature and length of cooking time used in rendering are critical for the
safety and quality of the finished products. Increasing the temperature and cooking time
may reduce the levels of some important amino acids such as methionine, lysine and
cysteine (Awonorin et al., 1995). Usually, the temperature and cooking time ranges from
115 to 145°C and 40 to 90 min, respectively, in which most microorganisms including
spoilage, pathogenic bacteria and viruses can be inactivated.
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Following the cooking and fat separation, the solids of rendered protein, minerals
and some residual fat are then further processed by additional moisture removal and
grinding. Lastly, the dry solid materials are transferred for storage in feed bin structures
or shipment (Meeker & Hamilton, 2006; El Boushy et. al., 1990).
Feather meal contains a high protein content with a high percentage of sulfurcontaining amino acids. Due to keratinization, feather proteins are not easily digestible.
Therefore, feather meal is produced from the pressurized thermal treatment of clean,
undecomposed feathers from slaughtered poultry. It is also prepared by high pressure
rendering the feathers together with other waste materials such as offal and blood from
the poultry industry. In general, during feather rendering, the pressure, time, and moisture
are in the range of 207 to 690 kPa, 6 to 60 min, and 60 to 70%, respectively. Under these
conditions, the high-molecular weight and non-digestible feather proteins such as keratins
can be broken down into smaller, more digestible proteins. The molecular weights and
the nutritional values of feather meal proteins depend on the time, temperature and
pressure of different methods of processing (El Boushy et al. 1990; Kondanudi et al.
2009).

Hydrogen Sulfide Production during the Rendering Process
During the transportation and storage of raw animal by-products, microbial
activity plays a significant role in the spoilage of materials destined for rendering. After
being slaughtered in the poultry plant, chicken offal such as heads, blood, intestinal tracts
and feathers, are loaded onto trucks and transported to the rendering facility. It usually
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takes up to 12 hours for products to arrive at the rendering facility, depending on the
required travel distance. During long transportation without refrigeration, low oxygen
levels are created in the raw animal materials due to the rapid growth of the microbes
existing in these by-products. Anaerobic or facultative anaerobic SPB utilize the sulfurcontaining amino acids and proteins, and ultimately generate H2S. The accumulated H2S
in the pile of raw animal materials can be released upon unloading at the rendering
facility. Hydrogen sulfide is extremely toxic for human and animals, and can harm the
workers’ health by creating an unsafe working environment in the rendering facility.
Conditions where H2S are generated also decrease the quality of the finished animal
products. During the 7-year period from 1993 to 1999, 52 people died of H2S exposure in
the U.S. (Hendrickson et al., 2004). Low-level H2S (50 ppm) can cause mucous cough,
nausea and headache. Symptoms such as olfactory fatigue, vertigo, and lightheadedness
appear when the H2S level increases to 100~150 ppm. During a typical transportation and
storage time of 12 h, the amount of H2S in raw animal materials can easily increase to a
lethal level of 700 ppm which can cause the immediate death of human beings
(Beauchamp et al., 1984).
In the raw feathers from a poultry plant, the spoilage bacteria cannot only use the
existing sulfur-containing amino acids to produce H2S directly, but also utilize the sulfur
source in some non-digestible proteins such as keratin, which is a major component of
feathers. Although keratin is hard to digest, many microorganisms were reported to have
a strong ability to decompose it at ambient temperatures. The feather degrading bacteria
can produce disulfide reductase, which destroys the cysteine bridges of protein chains.
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This cysteine bridge is what confers high mechanical stability to the feather and allows
resistance to proteolytic degradation. Chryseobacterium isolated from feather samples in
poultry processing industry was reported as a feather degrading bacterium (Riffel et al.
2003). Its optimal growth is at pH 8.0 and 30°C but maximum production of keratinase
was observed at 25°C. Flavobacterium is another feather degrading bacterium that has
been isolated from poultry processing plants. It can grow at 22~46°C, and produce the
highest proteolytic activity at 30~37°C (Riffel & Brandelli, 2002). Vibrio spp., another
keratin degrading bacteria, grow and exhibit maximum feather degrading activity at pH
6.0 and 30°C. Keratinase production was similar at both 25 and 30°C, while the
maximum concentration of soluble protein was reached at 30°C. Reduction of disulfide
bridges of sulfur-containing proteins was also reported by Sangali et al. (2000).
Moreover, some Gram-negative bacteria such as Burkholderia, Chryseobacterium and
Pseudomonas, and Gram-positive bacteria such as Microbacterium, and Bacillus
megaterium were also reported as feather degrading bacteria (Park & Son, 2009; Riffel &
Brandelli, 2006). With the keratin being degraded by these bacteria, more sulfurcontaining amino acids are released, which can be used by SPB when the environment
changes to anaerobic. This microbial activity might explain the more serious problem of
H2S production during feather transportation and storage.
During the hydrolysis of feathers, when the structure of keratin is disrupted, the
H2S production can be attributed to chemical reactions with cysteine. Cysteine is the most
sensitive amino acid to rendering process. More extensive hydrolysis decreases the
amount of cysteine and increases lanthionine. The chemical conversion of cysteine to
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lanthionine is accompanied by the formation of an additional sulfur compound such as
H2S. Approximately 0.4% of sulfur content in feathers can volatilize in the form of H2S
during hydrolysis when the processing pressure increases from 207 kPa to 414 kPa
(Moritz et al. 2000).
Due to the ubiquitous nature of SPB, inhibiting the growth of this group of
microorganisms cannot only reduce the amount of harmful H2S being released, but also
can slow the spoilage of raw animal by-products.

Bacteriophage
Bacteriophages, or ‘phages’ for short, were first described by the British
pathologist Frederick William Twort in his study of Micrococcus in 1915. He observed a
glassy transformation of Micrococcus colonies by an unknown agent. This agent could
pass through a porcelain filter and was inactivated by incubation at 60°C. At around the
same time, the French microbiologist Felix d’Herelle was working at the Pasteur Institute
of Paris. While studying the Shigella, d’Herelle observed the destruction of bacteria in
broth. From then on, d’Herelle focused on the study of bacteriophages and devoted the
rest of his scientific career to bacteriophage study (Calendar, 2006).
The advent of the electron microscope in 1940 allowed further elucidation of
bacteriophage structure. During this period of time, commercial production of phages
against various pathogens took place (Thiel, 2004; García et al., 2008). D’Herelle
developed phage therapy for treating severe dysentery. However, the burst of phage
research and applications as antibacterial agent slowed with the discovery of antibiotics.
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Since antibiotics had broad spectrum of antibacterial activity and were easier to produce,
most of the western world moved toward use of antibiotics rather than bacteriophages.
Nevertheless, phage therapy has been on-going in some states of the Soviet Union and
Eastern Europe such as Poland.
Nowadays, the threat of antibiotic-resistant bacteria has renewed the interest in
exploring bacteriophages as biological control agents. Bacteriophage has been applied in
pathogen detection, biopreservation, and used as alternatives to antibiotics in the animal
health and agricultural industries (Calendar, 2006; Ackermann, 1987; García, 2008).
Bacteriophages are natural predators of bacteria and have been discovered to be
an astonishingly abundant population, comprising approximately 1030 virions or more
(Mann, 2005; Atterbury, 2007). Bacteriophages are characterized and classified by two
criteria. One is morphology such as binary symmetry (tailed) and cubic symmetry, the
other one is the presence of genetic material such as double-stranded (ds) DNA, singlestranded (ss) DNA, dsRNA and ssRNA. The bacteriophages are classified to one order,
13 families, and 31 genera by the International Committee on Taxonomy of Viruses
(ICTV) (Calendar, 2006).
Due to the very tiny size of bacteriophage, electron microscopy is commonly used
in phage research. Using the electron microscope, microbiologists can obtain visual
confirmation of morphology and thereby identify specific families of phage (Mclaughlin
et al., 2006). Host range spectrum is another important and informative procedure used to
distinguish different phages. In this procedure, the phage exhibits different lytic ability
against a variety of host bacteria (Atterbury et al., 2007). Other techniques such as pulsed
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field gel electrophoresis (PFGE) and restriction enzyme digestion fragment analysis are
applied to provide more specific characterization of a particular phage strain based on the
composition of nucleic acid (Monod et al., 1997; Raya et al., 2006).
The three large phylogenetically related families of bacteriophage, Myoviridae,
Siphoviridae and Podoviridae within the order of Caudovirales, are tailed and binary
symmetrical phages consisting of 96% bacteriophages, total about 5,100 viruses. The
phages in these three families have a unique head-tail structure, including a head with
cubic symmetry and a helical tail that ranges from 10 to 800 nm. Virions have no
envelope or lipids, and consist typically of protein and DNA. DNA size varies between
17 and 500 kb and is a single, linear, or double-stranded filament. Some phage DNAs
contain unusual bases such as 5-hydroxymethycytosin or 5-hydroxymethyluracil
(Calendar, 2006). The following review will discuss these 3 families of phages in detail.
The family Myoviridae has contractile tails consisting of a sheath and a central
tube (Figure 1.2a). The sheath is separated from the head by a neck. In this family, the T4
bacteriophage is the most well-known representative. The large, linear, double-stranded
DNA (dsDNA) is packaged in an elongated head and a rigid tail with long and kinked
fibers. The Myoviridae infect many different Gram-negative bacteria from various
environments, from mammalian intestines to marine cyanobacteria and other bacteria
(Calendar, 2006).
The family Siphoviridae has long and noncontractile tails that are often quite
flexible. The typical phage in this family is bacteriophage λ (lambda). The dsDNA is
tightly packed into the head without bound proteins and has a 12 nucleotide single-
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stranded 5’-extension at the end. Figure 1.2b shows a flexible tail phages that can lyse
Bacillus.
The feature which differentiates phages of family Podoviridae from other two
families mentioned above is the short tail, which often possesses tail spikes (Figure 1.2c).
A representative of this family is bacteriophage P22 which is a temperate phage of
Salmonella Typhimurium (Boyd et. al., 1951).
a

b

c

Figure 1.2a-c: Transmission electron microscope images of bacteriophages belong to
families of Myoviridae (a), Siphoviridae (b) and Podoviridae (c). (Ackermann and
DuBow, 1987)
Generally, there are 3 steps in the life cycle of bacteriophage - adsorption,
infection and release (Figure 1.3). In the adsorption stage, the phage attaches to a specific
host bacterium during the collision between the phage and bacterial cell. The phage
recognizes the specific receptors on the bacterial cell surface including
lipopolysaccharides, teichoic acids, proteins, or even flagella. The faster a phage attaches
to a bacterium, the less likelihood the phage will be lost to decay. After attachment,
phage injects its DNA into the bacterial cytoplasm. The injected phage DNA disrupts the
bacterial metabolism and chops up the host DNA for use to build phage copies. Bacterial
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DNA and protein synthesis machinery are commandeered to make new phage parts. The
process culminates with the assembly of new phages and the lysis of the bacterial cell
wall to release hundreds of new copies of the input phage into the environment. The new
phage will find new host cells, and the same lytic cycle will continue until the host cells
are exhausted (Thiel, 2004; Calendar, 2006)

Figure 1.3: Life cycle of bacteriophage. (Thiel, 2004)

Current Phage Applications
The applications of bacteriophage to treat epidemic diseases such as dysentery
and cholera have been experimented by microbiologists for almost one hundred years
since the bacteriophage was first discovered in early 20th century (Summers, 2001; Alisky
et al., 1998; Barrow, 1997; Goodridge, 2003). The main reason for the development of
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phage therapy was appearance of the antibiotic resistance of infection agents. People
need new therapies that are more specific and effective to cure the infection of antibioticresistant microorganisms. However, in these studies, scientists did not control the quality
of phage preparation in their therapies; d’Herelle even drank and injected the phage
solution into his own and his relatives for the trials (d’Herelle, 1926).
In recent years, renewed interests in bacteriophage therapy in animals and in food
products have been reported. As an example, numerous food recalls have been associated
Listeria monocytogenes with various types of food, especially ready-to-eat food, cheese,
milk and so on (Ryser and Marth, 2007). Due to the ubiquitous and hardy nature of this
pathogen, it is a challenging task for the food industry to eliminate L. monocytogenes
from food processing plant and the food products. The company Intralytix invented a
bacteriophage-based preparation called ListShield™ (formerly LMP-102), which is a
unique and proprietary blend of six individual phages that provides broad protection
specifically against pathogenic strains of L. monocytogenes. The phage mixture can
reduce 2~3 logs CFU/g of L. monocytogenes in ready-to-eat (RTE) foods. On August
18th, 2006, the FDA approved ListShield™ as an additive for RTE foods. It is also EPAapproved for application on surfaces in food facilities and other establishments
(Intralytix, 2006).
Although the phage therapy has not been approved for treating human diseases in
the U.S., there are commercially wound-healing bandages containing a mixture of lytic
phages and phage tablets for dysentery and other illness available in republic of Georgia.
A company in Canada, Biophage Pharma, is trying to utilize bacteriophages to cure
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cancer, and is also working on the bacteriophages that are able to eliminate E. coli and
Salmonella Typhimurium in livestock and carcasses. Other companies such as
Exponential Biotherapies and Phage Therapeutic in the U.S., as well as GangaGen Inc. of
India are working on treating antibiotic resistant infections in humans with phages (Thiel,
2004).
Due to the host specificity of bacteriophages, many studies focus on treating
pathogen with phages in poultry and livestock to prevent the outbreak of pathogenic
diseases in pre-harvest environments. Atterbury et al. (2007) used bacteriophage therapy
to reduce Salmonella colonization of broiler chickens. Three phages selected from a total
of 232 Salmonella bacteriophages, isolated from poultry farms, and etc. exhibited
broadest host range against 3 serotypes (Enteritidis, Hadar and Typhimurium) of
Salmonella enterica. These phages were then fed to chickens that were challenged with
specific Salmonella host strains. Salmonella reductions were 4.2, 2.2, and 0 logs CFU/g
with treatments separately by 3 phages in 24 h. This study demonstrated that the
inhibitory effect of phages could be reduced by several factors when phage treatment was
applied in vivo. In broiler chickens, adverse factors on phage treatment included the
viscosity of gut matrix, complex physicochemical environments and host defenses.
Toro et al. (2005) administered a cocktail of 3 distinct phages orally to the
chickens against Salmonella and achieved up to 6-fold reduction of the pathogen in the
ceca. Their study also demonstrated that the isolation and characterization of Salmonella
specific bacteriophage is uncomplicated and feasible on a larger scale, encouraging
further study on use of bacteriophage as an effective alternative to antibiotics.
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Sheng (2006) reported lower phage treatment effect in an anaerobic environment
when the phages were applied in animal system, but they were able to reduce the E. coli
O157:H7 in vitro. The host-induced modification of the phage stocks and restriction by
the pathogenic target bacteria also circumvented the phage effect in the test of phage
therapies. When the phage was injected repeatedly, the immune system could respond to
create antibodies that inactivate phages (Summers, 2001). All of these potential factors
posed challenges to the phage therapy on treating pathogens in calves and other animals.
Sheng et al. (2006) applied a previously characterized O157-specific lytic
bacteriophage KH1 and a newly isolated phage SH1 to treat E. coli O157:H7 in sheep,
mice, and cattle, respectively. Although the oral administration with phage KH1 failed to
reduce the E. coli O157:H7 in sheep, the phage treatment with SH1 alone or a cocktail of
SH1 and KH1 at MOI of 100 or higher eliminated the intestinal E. coli O157:H7 in mice.
The cocktail of SH1 and KH1 also reduced the E. coli O157:H7 by average of 2 logs in
cattle treated with phage either in the rectoanal junction or through drinking water,
though it did not kill all the bacterial population.
A similar study was conducted by Callaway et al. (2008). They reduced the level
of E. coli O157:H7 in cecum, rectum and feces of sheep using a phage cocktail with
multiplicity of infection (MOI) of 1 without altering pH, volatile fatty acid (VFA)
concentrations or VFA profiles of intestinal contents. However, there was no significant
reduction of E. coli O157:H7 population in rumen treated with same phage cocktail,
though the MOI of 1 showed more effective than MOI of 10, 100 in this study.
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Smith et al. (1987) successfully treated a mixture of 7 diarrhea-causing E. coli
strains in calves using a single dose of 7-phage cocktail at 5 logs PFU/ml. They also
achieved the prevention of E. coli diarrhea with doses of phages as low as 2 logs by
spraying the litter with phage suspensions or keeping the calves in uncleaned rooms
previously occupied by calves that were cured by phage treatment. For the presence of
bacteriophage insensitive mutants (BIM), they proposed the use of mutant phages derived
from phages that were active on those BIM’s parents. In another study, Smith et al.
(1987) investigated the factors influencing bacteriophage activities in calves. They found
that acidity was lethal to orally administered phages, but giving CaCO3 in the feed could
counteract this adverse affect. Antibodies in the serum of calves were also able to
neutralize phage particles. The body temperature of calves, which were sufficiently high,
could be also adverse to the virulence of some phages.
Different from the previous studies of phage therapy using oral administration,
Huff et al. (2002) conducted a study to determine the efficacy of aerosol administration
of two bacteriophages against E. coli respiratory infection in broiler chickens. A
significant decrease in mortality of chickens in all trials indicated that aerosol spray of
phage might be practical for the administration of phage in animal production system.
Overall, phage therapies have been widely applied to treat pathogenic bacteria in
animals. Most of those studies achieved reductions of 2~4 logs of inoculated pathogens
with phage treatment at MOIs of 1~1,000, however, phage treatments were not able to
kill all the bacterial populations of indigenous bacteria. Although several factors which
may diminish the lytic activities of phage in vivo such as acidity, antibody, matrix, etc.,
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limited the inhibitory effect of phage treatment, applications of phage still cannot be
underestimated due to their high efficacy and specific targeting without harming animals.
Being Generally Recognized As Safe (GRAS), phage treatment has been applied
to several types of food including cheese, meat products, fresh-cut fruit and vegetable to
eliminate pathogens or prevent the growth of spoilage bacteria. In the study of applying
bacteriophages in raw milk destined for cheese-making by standard procedures, Modi et
al. (2001) found, in the cheddar cheese with initial Salmonella Enteritidis counts of 4 logs
CFU/ml, bacterial population was reduced by 2~3 logs with addition of 8 logs PFU/ml of
SJ2 phage as compared with the control sample.
Some studies reported phage application in meat products. Atterbury et al. (2003)
tested bacteriophage to reduce Campylobacter jejuni contamination on skin of broiler
carcasses at 4 and -20°C. Phage treatment with a MOI of 1,000 reduced 1.2 logs and 2.3
logs CFU/cm2 of the bacteria with initial inoculation of 4 logs CFU/cm2 at 4 and -20°C,
respectively. In that study, phage stability at either 4 or -20 °C was demonstrated by
enumerating phage population after ten days of multiple freeze-thaw cycles. A study by
Matsuoka et al. (2007) found significant reductions in mortality of flounder injected with
a mixture of four phages specific to Streptococcus iniae. The phages still exhibited a
strong inhibitory effect 24 h after phage treatment, although, phage resistant strains of S.
iniae were frequently isolated from dead fish in the phage treatment group. Whichard et
al. (2003) used a known bacteriophage Felix O1 in reducing Salmonella Typhimurium
DT104 on chicken frankfurters by average 2 logs CFU/g. Greer et al. (1988) was able to
extend the retail shelf life of beef steaks from 3.4 to 6.4 days with initial bacterial density
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of 4.6×103 CFU/cm2 and 9.7×107 PFU/cm2 of phage concentration. In that study, the
inhibitory effect of phage was not affected by temperature ranging from 1~10°C, but was
influenced by the MOI. Normally, phage treatment with a higher MOI has stronger lytic
activities on bacterial cells than a lower MOI.
A few studies also explored the possibility to apply phage to fresh produce.
Leverentz et al. (2003) applied a cocktail of two phages to reduce the L. monocytogenes
on honeydew melons and apples. The phage cocktail achieved a reduction of 2 to 4.6 log
units over the control on honeydew melons, but was much less effective on apples (0.4
log units). The phage titer was stable during treatment on melon slices, but declined
rapidly on apple slices. This suggested that the effectiveness of phage depends on the
surface condition of treated subject. The initial bacterial concentration is also a key factor
affecting the phage activity. Pao et al. (2004) used a cocktail of two phages to control
Salmonella in sprouting seeds. The host range of two phages is different. Phage A is able
to lyse S. Typhimurium and S. Enteritidis while phage B is capable to lyse S.
Montevideo. Two-phage mixture reduced 1.5 logs of Salmonella in the soaking water of
broccoli seeds at 25°C, and the phage A only suppressed the Salmonella growth by 1.4
logs. This study suggested the importance of phage cocktail application, which made use
of multiple phages, having complementary host ranges.
Bacteriophage insensitive mutant (BIM) is a group of mutant bacterial cells that
are resistant to infection by the original phages. It was recognized from many studies on
bacteriophages and called phage-resistant mutants or secondary cultures (Summers,
2001). Bacteriophage insensitive mutant was frequently found with phage treatments as
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observed or discussed in several phage studies concerning phage application in animals,
meat products, compost and so on (Matsuoka et al., 2007; Callaway et al., 2008; Heringa
et al., 2010). Different bacteria have different strategies to gain phage-resistant abilities,
Some E. coli strains are able to absorb the mutant RP4 plasmid to resist the phages, while
the Vibrio cholerae use the inner membrane protein which destabilizes the DNA of phage
bound to the cell membrane. A change in the antigen that distinguished new strains from
parental strains may also lead to phage insensitive mutants (Alisky et. al., 1998;
Summers, 2001).
Development of BIM can diminish the inhibitory effect by phage treatment.
Different from the repeated doses for inducing antibiotic resistance, BIM can be induced
as long as the phage treatment is applied (Alisky et al., 1998). The regrowth of BIM can
even reach a higher level as compared with control (Heringa et al., 2010). Several studies
found that in most situations, single phages are not sufficient to eliminate an entire
bacterial population in broth, therefore, a phage cocktail is necessary and important to
prevent adverse effect from BIM development (Mclaughlin et al., 2007; O’Flynn et al.,
2004) However, the challenge from BIM provides a novel way to be explored and taken
advantage of. Based on the mutation of bacteriophages, phage genetic engineering
technology can modify the isolated phages leading to more effectiveness of bacterial
inhibition. Himba et al. (1997) conducted a study on eliminating biofilm formation of Lforms of L. monocytogenes on stainless steel. Modified phages at a MOI of 104
successfully inhibited the biofilm formation of L. monocytogenes over 6 h period at 30°C
with a 3 log reduction of bacterial population, even comparable to lactic acid treatment
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with concentration of 130 ppm. Their results suggested that phage modification
technology could be an effective and specific alternative to chemical antimicrobial agents
that may have potential toxicity.
Besides the influence of BIM, some other restrictions and challenges of phage
applications also need attention by microbiologists in further studies. The antimicrobial
activity of phages observed under laboratory conditions could be reduced greatly in food
system. Some factors could reduce the diffusion rates of phages that decrease the
opportunity of collisions between the bacterial host and phage. The background microbial
population might also act as a mechanical barrier by providing unspecific phage binding
sites. Other factors such as temperature, pH and inhibitory compounds can also reduce
the inhibition effect of phage against harmful bacteria (García et al., 2008). Leverentz et
al. (2003) found the acidity may affect the inhibitory effect of phages treatment in their
study on fresh produce. Phage was active between pH values of 5.5 and 8, while pH
values outside of this range may have deleterious effect on phages. However, in the study
conducted by O’Flynn et al. (2006), phage Felix O1 lysing a broad range of Salmonella
enterica serovars had the ability to survive acidic conditions.

Summary
The potential of bacteriophage application is promising for the improvement of
food safety. However, there are no studies done using bacteriophage to treat raw animal
materials for the rendering process. The use of phage cocktail cannot only create a safer
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environment for workers by preventing H2S production, but also provide high quality
products of rendered protein meals by slowing down the spoilage process.
The objectives of this study are as follows:
1. Enrichment, isolation and identification of SPB from raw animal materials, and
SPB-specific bacteriophages.
2. Characterizing SPB by Gram staining, microscopy, and 16S rRNA sequencing.
3. Characterizing phages by host range analysis, electron microscopy, and molecular
biological techniques, and optimizing phage cocktails in liquid culture.
4. Applying phage cocktail to eliminate H2S production in raw poultry materials for
rendering, and conducting a greenhouse study to evaluate phage treatment of raw
poultry materials by simulating transportation and storage conditions.
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CHAPTER TWO
ISOLATION AND CHARACTERIZATION OF HYDROGEN SULFIDE PRODUCING
BACTERIA AND THEIR SPECIFIC BACTERIOPHAGES
Abstract
Twenty two meat, chicken offal and feather samples collected from local
supermarkets and rendering processing plants were tested for the presence of hydrogen
sulfide producing bacteria (SPB). SPB population ranged from 2 to 6 log CFU/g. One
hundred and forty two SPB strains were isolated and purified, and 5 predominant strains
were identified to species level as Escherichia coli, Citrobacter freundii and Hafnia alvei.
Bacteriophages (n=52) specific to SPB were successfully enriched from these samples
using the isolated SPB strains as hosts. The host ranges of purified bacteriophages (n=36)
against 5 predominant strains of SPB were determined. Electron microscopy of 9 phages
selected for phage treatment revealed that isolates 211a, 214a, 214c, 217a, 218a and 12a
belonged to the family of Siphoviridae, whereas 213a, 214b and 201a to Myoviridae.
Restriction enzyme digestion analysis with endonuclease Dra I detected that phages
218a, 201a and 12a used in the cocktail had identical patterns whereas phages 211a, 214a
and 214c share one pattern, and phages 213a, 217a and 214b shared another pattern. The
cocktail of the above 9 selected phages was further tested for inhibiting the growth of five
predominant strains of SPB in the tryptic soy broth (TSB) medium at 20 and 30°C. Phage
treatment prevented the growth of SPB up to 10 h with the multiplicity of infection
(MOI) ratio of 0.1, 1, 2, 5 and 10 at 30°C, but was less effective at 20°C.
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Introduction
In the United States, approximately 200 rendering plants process about 54 billion
pounds of inedible animal by-products every year (Meeker and Hamilton, 2006). These
raw animal materials contain numerous types of microorganisms that can cause the rapid
spoilage of raw animal materials under ambient temperature. Among them, hydrogen
sulfide producing bacteria (SPB) utilize the sulfur and sulfur-containing proteins as the
terminal electron acceptor under anaerobic conditions to produce hydrogen sulfide (H2S)
gas. Production of H2S can occur during transportation and storage prior to the rendering
process. The genera of Pseudomonas, Citrobacter, and Aeromonas are reported as the
predominant SPB (McMeekin et al., 1975; Hinton et al., 2004), and some other bacteria
such as Salmonella and E. coli are also producers of H2S in an anaerobic environment
(Layne et al., 1971; Barrett et al., 1987). Hydrogen sulfide gas is extremely toxic for
human and animals. The production of H2S not only decreases the quality of finished
animal meal products, but also harms the workers’ health by creating an unsafe working
environment in rendering facilities. During a typical transportation and storage time of 12
h, the amount of H2S in animal raw materials can easily increase to a lethal level of 700
ppm that can cause the immediate death of humans (Beauchamp et al., 1984).
Chemical agents have been applied to control H2S production in oil fields, such as
adding nitrate salts to suppress the SPB growth and diminish sulfate reduction (Bodtker
et al., 2008). For clinical application, chlorhexidine and triclosan are reported to inhibit
SPB in the oral cavity and saliva (Sreenivasan, 2003; Sreenivasan and Gittins, 2004).
Antibiotics such as ciprofloxacin and metronidazole were used to control the SPB growth

	
  

34	
  

in rat (Ohge et al., 2003). However, these methods may have limited use in foods. For
example, in the application of nitrate, toxic nitrite, a carcinogen-producing agent, is
produced in the nitrate reducing reaction as a result of reducing H2S production. In recent
years, bacteriophages have been explored as a biological control method for pathogen
control in the food industry.
Bacteriophages (phages) are bacterial viruses that target and lyse specific bacterial
cells during their rapid replication without harming humans, animals, plants and other
species of microorganisms. These viral particles can be found in the natural environment
such as water, soil, and air. In 2006, the FDA approved the use of bacteriophages for
controlling Listeria monocytogenes in ready-to-eat foods (Intralytix, 2006).
Bacteriophage therapies have been reported to reduce Salmonella, E. coli and
Campylobacter jejuni in broiler chickens, beef, sprouting seeds and other food products
(Huff et al., 2003; Pao et al., 2004; Wagenaar et al., 2005; Atterbury et al., 2007).
However, there is no known study applying bacteriophages to control SPB in raw animal
materials destined for the rendering process.
The objective of this study was to isolate and characterize bacteriophage specific
to SPB from raw animal materials, and to develop a SPB-specific bacteriophage cocktail
for rendering application.
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Materials and Methods
Isolation of hydrogen sulfide producing bacteria (SPB)
Nineteen raw meat samples, either expired or near expiration, of poultry (n = 6),
pork (n = 5), fish (n = 4) and beef (n = 4) were obtained from local retail stores for
isolation of SPB. Chicken offal, feathers and feather processing water samples (n=3)
from a rendering facility (Carolina By-Products, Ward, SC) were also used for SPB
isolation. Meat and chicken offal samples (100 g of each) were blended at high speed for
2 min (Blender Model: 51BL30, Waring, Torrington, CT), and 1 g of each sample was
diluted in test tube containing 9 ml of sterile 0.85% saline. Serial dilutions of meat
homogenate, feather and feather processing water (10-1~10-6) were spread plated onto
tryptic soy agar-hydrogen sulfide (TSA-H2S) plates containing 40 g/l of TSA (Becton
Dickinson, Sparks, MD), 0.3 g/l of sodium thiosulfate (Fisher, Rochester, NY), 0.3 g/l of
ferric citrate (MP Biomedicals, Solon, OH), and 0.6 g/l of L-cysteine (MP Biomedicals,
Solon, OH). L-cysteine was filter-sterilized using a 0.2 µm filter prior to addition to
sterile TSA-H2S medium. For fish samples, 5 g/l of NaCl was added in TSA-H2S
medium. Plates were incubated for 3 days at room temperature (22~25°C) in anaerobic
jars (Becton Dickinson, Cockeysville, MD). Black colonies growing on TSA-H2S plates
were picked and purified by restreaking on TSA-H2S plates several times. Pure cultures
growing on TSA plates were preserved in Tryptic Soy Broth (TSB; Becton Dickinson,
Sparks, MD) containing 20% glycerol and stored at -80°C.
Characterization of SPB isolates
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Gram staining was performed on each of the SPB (Becton Dickinson, Sparks,
MD). A 3% KOH (Fisher Scientific, Pittsburgh, PA) test was also done to confirm the
results from Gram staining. The morphology of each SPB isolate was observed under a
microscope (Leica Microsystems, Bannockburn, IL). To determine the species of each
SPB isolate, 16S rRNA gene sequencing was performed. Briefly, the genomic DNA from
bacterial cells was isolated using a Microbial DNA Isolation Kit (MoBio, Carlsbad, CA).
Polymerase chain reaction (PCR) was employed to amplify 16S rRNA gene according to
the procedure described by Washio et al. (2005). In each PCR tube, 1 µl forward primer
Env 1 (5’AGAGTTTGAIITGGCTCAG3’)(20 µM), 1 µl reverse primer Env 2
(5’CGGITACCTTGTTACGACTT3’)(20 µM), 1 µl Taq DNA polymerase (5 units/µl), 4
µl dNTP (10 mM), 2.5 µl 10 × buffer, and 12.5 µl sterile distilled water were added with
1 µl DNA templates. The thermocycler settings were 30 cycles of 95°C for 15 s, 48°C for
30 s and 72°C for 1 min and 30 s, with the end step of 72°C for 10 min. After verification
of the amplification using gel electrophoresis, PCR products were further purified using a
DNA Extraction Kit (MoBio, Carlsbad, CA) by following the manufacturer’s directions.
The purified PCR products were analyzed by Clemson University Genome Institute
(CUGI, Clemson, SC) for DNA sequencing. The 16S rRNA gene sequencing data was
edited using Bioedit (MoBio, Carlsbad, CA) to select and transfer the segment of gene
sequencing that had a comparably strong signal level into FASTA format, and then
analyzed by Basic Local Alignment Search Tool (BLAST) in the nucleotide collection
database for species identification.
Bacterial strains and culture conditions
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Eighteen of the 142 SPB isolates were chosen as hosts for bacteriophage
enrichment studies. Among them, 5 predominant strains of SPB were used for detecting
the host range of bacteriophage isolates. A preliminary study revealed that all 5 SPB
strains had higher growth rate at 37°C than at room temperature. Therefore, these strains
were grown overnight in TSB with shaking (New Brunswick C25 incubator shaker;
Edison, NJ) at 37°C. After centrifugation at 5,000 × g for 5 min, the bacterial pellets were
washed in 0.85% saline, and the optical density was adjusted to approximately 0.5 at 600
nm wavelength as determined by a spectrometer (µQuant; Bio Tek, Winooski, VT).
Enrichment of bacteriophages
Bacteriophages were isolated from raw meat samples by conventional enrichment
method (Clokie & Kropinski, 2009). Eighteen strains of SPB were used as host strains
and the raw meat and feather processing water samples used were the same as the
samples for SPB isolation. To the 8 ml of TSB inoculated with 100 µl of each SPB host
strain (n=11) from raw meat samples, a 1 g blended raw meat sample was separately
added to the total volume of 10 ml. To 5 ml of TSB inoculated with 100 µl of each SPB
host strain (n=7) from feather processing water, 4.3 ml of feather processing water
sample was added to the total volume of 10 ml. The enrichment tubes were incubated at
37°C overnight. The culture was then centrifuged at 2,500 × g for 20 min and the
supernatant was filtered through a 0.2 µm filter (VWR, West Chester, PA).
Isolation of bacteriophages
Three milliliter of 0.6% agar (Becton Dickinson, Sparks, MD) containing 100 µl
of a single SPB strain at a concentration of 107 CFU/ml was overlaid onto a TSA plate
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(Heringa et al., 2010). After the overlaid agar plate solidified, a 10 µl drop of phage
suspension was spotted onto the surface. Bacterial strains that had a clear zone were then
tested against serial dilutions of phage suspension by the soft agar overlay method.
A 100 µl bacterial suspension at concentration of 107 CFU/ml was mixed with
100 µl suspension of bacteriophage for 10 minutes in a 96-well microplate (96-Well Cell
Culture Cluster, Corning, NY). The mixture was then transferred into 3 ml of 0.6% agar
and overlaid onto a TSA plate. After incubation at 37°C overnight, plaques were isolated
by cutting from the agar with a 1 ml sterile pipette tip. Isolated plaques were
subsequently suspended in 1 ml of SM buffer [100 mM NaCl, 8 mM MgSO47H2O, 50
mM Tris-HCl (pH 7.5)]. Following overnight incubation at 4°C, plaque purification was
repeated 2 times.
Preparation of bacteriophage stock
Phage stock solution was prepared by using soft agar overlays of phage serial
dilutions as described above. The lowest concentration plate on which all bacterial
growth was cleared by phage was held with 10 ml SM buffer at 4°C for 2 days. The
surface mixture of SM buffer and agar was collected from agar surface and centrifuged at
11,000 × g for 15 min. The supernatant was transferred into a sterile test tube and filtered
through a 0.2 µm filter. The titer of phage stock solution was determined by pipetting
drops of 10 µl serially diluted stock solution onto the plate with host bacteria, and plaques
were counted after overnight incubation at 37°C.
Host range test of bacteriophages

	
  

39	
  

A total of 52 bacteriophages specific to SPB were isolated. A subset of 36 isolates
of bacteriophage was chosen for host range study based on the large size of plaque
formation. Three ml of 0.6% agar was overlaid onto TSA plates seeded with 5
predominant SPB as host at a concentration of 106 CFU/plate. A 10 µl drop of phage
solution in the titre of 108 PFU/ml was pipetted onto the agar. Plates were incubated at
37°C overnight, and the characteristics of plaques were recorded.
Transmission electron microscopy
A 5 µl drop of phage solution (>1010 PFU/ml) was pipetted onto the surface of a
copper grid (400 mesh, EMS, Hatfield, PA) and incubated for 1 min at room temperature,
and was then drawn off with filter paper. The copper grids were stained for 30 seconds
with 5 µl of 2% uranyl acetate (UA; EMS, PA) and air-dried for 1 h. A Hitachi H-7600
electron microscope (Hitachi, Tokyo, Japan) was used at 120-keV accelerating voltage to
observe the bacteriophages on the grids.
DNA isolation and restriction enzyme analysis of bacteriophage isolates
Based on host ranges and lytic activities, nine phages were selected for phage
cocktail. Fresh phage stock solutions were prepared as described above. The MoBio Ultra
Clean Microbial DNA Isolation Kit (MoBio, Carlsbad, CA) was used to extract DNA
samples from these 9 phages. Before the restriction enzyme analysis, an ethanol
precipitation was performed according to standard protocols (Sambrook et al., 1989).
Briefly, NaCl was added into DNA sample to a final concentration of 0.2 M followed by
adding two volumes of pre-chilled 100% ethanol. After storing at -20°C for 15 min, the
mixture was centrifuged at 14,000 × g for 10 min at 0°C. The DNA pellet was washed in
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70% ethanol and allowed to air dry before being resuspended in 10 µl TE buffer. The
concentrated DNA samples from 9 selected SPB phages were digested at 37°C in a water
bath with restriction endonucleases Dra I according to the supplier’s instructions. DNA
fragments were separated electrophoretically in 1.5% agarose gel (Bio-Rad, Hercules,
CA) at 50 V for 3.5 h, stained with ethidium bromide for 20 min and then de-stained with
distilled water for 10 min.
Broth test of bacteriophage cocktail for inhibiting SPB mixture
A cocktail of 9 selected strains of phage was tested for inhibition of a 5 strain
mixture of SPB. The SPB strains were grown in TSB separately and washed by 0.85%
saline as described above, and then diluted to 104 CFU/ml. Equal volume of each of the 5
predominant SPB strains was mixed as the bacterial mixture which was added into a 96well plate followed by adding the phage cocktail at MOI of 0.001, 0.01, 0.1, 1, 2, 5 and
10. The wells containing 270 µl of bacterial mixture and 30 µl of SM buffer served as
controls. The inoculated micro-well plates were incubated at 20 and 30°C and optical
densities were measured every hour for 16 h using a spectrometer (µQuant, Bio Tek,
Winooski, VT).
Statistical analysis
Bacterial count data were converted to log10 CFU/g for statistical analysis. An
analysis of variance (ANOVA) for a completely randomized design was conducted to
determine if general differences existed between treatment means using the general linear
model (GLM) procedure. Specific comparisons among different phage treatments were
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accomplished with Tukey’s test. All statistical analyses were performed using Statistical
Analysis System 9.1 (SAS; SAS Institute, Cary, NC).

Results and Discussions
Isolation and characterization of SPB
SPB isolates (n=142) from different raw meat products purchased from the local
grocery stores and from raw animal by-products destined for the rendering process were
successfully collected using the TSA-H2S medium (Table 2.1, Figure 2.1). All of the SPB
isolates were Gram-negative bacteria, which was confirmed by 3% KOH test. All of the
isolates formed either white or light yellow colonies on TSA media and black or dark
gray colonies on TSA-H2S plates (Figure 2.1). Similar medium such as lead acetate agar,
peptone-iron agar, plate count agar-H2S, and Pseudomonas agar medium were used in
previous studies to isolate SPB from raw meat (Levin et al., 1968; Nical et al., 1970;
McMeekin and Patterson, 1974; Malle et al., 1998; Hinton et al., 2004;).
In this study, raw meat (fish, poultry, pork and beef) purchased from stores
contained ca. 4 log CFU/g SPB, where as raw animal by-products from rendering
contained SPB counts ranging from ca. 4 to 6 log CFU/g or CFU/ml in chicken offal,
chicken feather and feather processing water (Table 2.1). Hinton et al. (2004) reported the
level of SPB, which were grown on iron agar plate, ranged from 1 to 4 log CFU/ml on
chicken broilers before scalding and could increase to 9 log CFU/ml in refrigerated
storage of 14 days in rinsate of poultry carcasses. Malle et al. (1998) suggested that fish
should be considered as spoiled when the count of SPB exceeds 5 log CFU/g.
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Five strains of SPB were determined as predominant strains among 142 SPB
isolates based on their fast growth in nutrient media, rapid production of H2S, and diverse
sources of isolation. All of these 5 predominant SPB strains were able to grow at
temperatures ranging from 20 to 37°C. Under the microscope, the cells of these strains
were observed as rod shape with dimension of 0.5~0.8 × 2~5 µm (Figure 2.1b). Isolates
S12, S201, and S203 were isolated from poultry meat samples whereas isolates S183 and
S211were isolated from beef and fish, respectively. The isolates were identified as
Citrobacter freundii (S12), Escherichia coli (S201, S203), and Hafnia alvei (S183, S211)
using 16S rRNA gene sequencing technique.
Several studies reported the Aeromonas spp., Pseudomonas spp. and Shewanella
putrefaciens were predominant SPB species in poultry carcasses, fish flesh, pork loins,
etc. (Levin et al., 1968; Kadota et al., 1972; Borch et al., 1996; Gram and Huss, 1996;
Malle et al., 1998; Hinton et al., 2004; Holley et al., 2004; Katikou et al, 2007).
Citrobacter freundii was found as one of the major SPB from poultry products and
processing plants in addition to Pseudomonas putrefaciens, Proteus spp. and Coryneform
(McMeekin and Patterson, 1974). Citrobacter freundii also was isolated in this study
from raw poultry meat. Both E. coli and Hafnia alvei belong to the family of
Enterobacteriaceae that are known to produce H2S (Borch et al., 1996). E. coli was
reported to have the ability to produce H2S from cysteine (Kadota et al., 1972).
The growth rates of 5 predominant SPB strains were higher at 30°C than at 25°C
(Figure 2.2). There was a 9 h lag phase for the 5 SPB strains at 25°C as compared with
approximately a 4 h lag phase at 30°C. In the log phase, the growth rates of strains S12,
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S201, S203, S183 and S211 were 0.12/h, 0.1/h, 0.09/h, 0.08/h and 0.09/h at 25°C, and
0.14/h, 0.14/h, 0.14/h, 0.1/h and 0.12/h at 30°C, respectively. Overall, there was no
significant (p>0.05) difference of the growth rate among these 5 strains.
Isolation and host range of SPB-specific bacteriophages
Bacteriophages (n=52) were isolated using the 18 SPB isolates obtained from
meat samples and feather processing water as hosts (Table 2.1 and Fig 2.3). The
bacteriophage stocks were prepared directly from agar plates, and the titre of these stocks
ranged from 7 to 10 log PFU/ml.
In this study, the host range for most bacteriophage isolates were relatively
narrow (Table 2.2), and most of the phages from raw meat sources had no lytic activity
toward on SPB isolates from chicken feather and feather processing water samples (data
not shown). For example, the phage 214c can lyse strains of Hafnia alvei (S183 and
S211) strongly, but does not inhibit the growth of strains of Citrobacter freundii (S12)
and E. coli (S201, S203). This result was not surprising due to the specificity of
bacteriophages. For example, bacteriophages specific for E. coli O157:H7 have no effect
on Listeria monocytogenes or Campylobacter jejuni (Leverentz et al., 2003; Atterbury et
al., 2005; Todd et al., 2008). Moreover, several studies also reported that bacteriophages,
which have a wide host range, could inhibit many strains or serotypes within a single
genus such as Salmonella (Toro et al., 2005; McLaughlin et al., 2006; Atterbury et al.,
2007; Heringa et al., 2010). In this study, not all the SPB isolates were identified into
species level yet. It is expected that our SPB-specific bacteriophage may be effective
against the same species of SPB isolates.
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Restriction analysis and electron microscopy of bacteriophages
Restriction enzyme Dra I successfully digested all genomic DNA samples
extracted from the 9 selected phages, however, this analysis could not differentiate all 9
phage isolates. Based on the restriction analysis patterns, phage isolates 211a, 214a and
214c have the same DNA pattern, while isolates 214b, 217a and 213a shared another
same pattern (Figure 2.4). However, the host range analysis revealed differences among
211a, 214a, 214c, and between 214b and 217a (Table 2.2 and Figure 2.4). The phages
214b and 213a could be differentiated by plaque size (Table 2.3). The other phages 218a,
12a and 201a appeared to have unique patterns (Figure 2.4).
Transmission electron microscopy (TEM) images of the 9 SPB-specific phages
showed that phages 211a, 214a, 214c, 217a, 218a and 12a had flexible non-contractile
tails and were of the family Siphoviridae (Figure 2.5). The presence of a contractile tail
for 213a, 214b and 201a suggested that they belong to the family of Myoviridae. Each
phage had a unique morphology according to the dimensions of the head and tail (Table
2.3).
Both restriction enzyme analysis and TEM are more advanced and direct methods
to differentiate phages that have the same host range or similar plaques on overlaid
plates, and the results obtained from these two methods would not be affected by other
factors such as host bacterial strains.
Broth test of phage cocktail with different multiplicity of infection (MOI) values
Based on the host ranges of 36 bacteriophage isolates described above, nine
phages were selected to make a phage cocktail covering a broad host range including the
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5 predominant SPB strains. A total of seven MOIs (0.001, 0.01, 0.1, 1, 2, 5 and 10) were
evaluated on inhibition of SPB growth in TSB.
At 30°C, the bacteriophage cocktail was able to prevent the growth of SPB for at
least 10 h at a MOI of 0.1 or higher as compared with 4 h of the lag phase in control
samples without phage treatment (Figure 2.6a). Phages applied at MOIs from 0.1 to 10
had a similar inhibition effect on SPB growth. As the MOIs decreased to 0.01 and 0.001,
the inhibitory effect decreased. The average transportation and storage time of raw
animal material prior to the rendering process is approximately 12 h. In this period, SPB
have enough time to enter the log phase of growth, especially during warm summer
months and then produce H2S, therefore, an extended lag phase for SPB growth is
significant for maintaining the quality of raw animal by-products. Based on this study,
predominant SPB could be suppressed by phage treatment during this critical time prior
to the rendering process, thereby preventing hydrogen sulfide production. The growth of
the SPB mixture after 10 h of phage treatment was most likely a result of the growth of
some BIM cells. However, it is important to note that none of the phage treated samples
reached the level of growth of controls within the 24 h sampling period. The re-growth of
the bacteria has been reported for several bacterial species during phage treatment.
McLaughlin et al. (2006), O’Flynn et al. (2006) and Heringa et al. (2010) all reported the
re-growth of host bacteria in studies involving the control of either Salmonella or E. coli
O157:H7 by bacteriophages. This can be explained by the development of bacteriophageinsensitive mutants among the host bacteria cells. Heringa et al. (2010) observed the regrowth of host bacteria in the broth tests with 4 of 5 bacteriophages in 24 h sampling
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period, and one of them re-grew to a level even greater than the bacterial growth in
control sample. O’Flynn et al. (2006) found the bacterial numbers were increased nearly
3 log when they treated E. coli O157:H7 with three phage cocktail with a MOI between 1
and 100. All of these results emphasized the importance of optimizing phage cocktails
that can prevent the development of BIM’s.
In this study, at 20°C, bacteriophage treatment extended the lag phase slightly by
1 h longer than the control sample and did not effectively reduce the growth rate and total
bacterial cell yields (Figure 2.6b). Bigwood et al. (2008) obtained similar results in a
study of phage inactivation of foodborne pathogens on cooked and raw meat. In that
study, no significant effect of phage addition was observed at low host density of 4 log
CFU/ml with MOIs of 10 and 100 at 24°C, but an inhibitory effect occurred at high MOIs
of 1,000. This may be explained by the fact that phages were not able to replicate due to
the slow growth of bacterial population at lower temperatures. However, at an optimal
temperature such as 30°C, host cells multiply quickly which leads to the production of
more offspring virions that can infect more host cells. Furthermore, Heineman et al.
(2008) reported that the bacterial physiological state affected bacteriophage adsorption.
The absence of an extended lag phase in the broth test at 20°C may also be explained by
the less active state of bacterial cells which leads to a decrease in the occurrence of phage
adsorption or no phage replication in the treatment process, especially when the MOI was
low.
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Conclusions
In this study, it was demonstrated that SPB can be isolated from raw meat
materials by selective H2S-TSA medium. The SPB-specific bacteriophages were
successfully isolated in abundance from the same sources where the SPB were isolated.
Both TEM and restriction enzyme analysis were used to characterize and identify the
phage isolates for developing a phage cocktail that could effectively eliminate the host
bacterial strains. The cocktail of 9 selected phages prevented the growth of 5 predominant
SPB strain mixture for 10 h with a multiplicity of infection (MOI) ratio of 0.1, 1, 2, 5 and
10 in TSB at 30°C, and for 8 h with a MOI of 1, 2, 5, and 10 at 20°C.
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Figure Legend
Figure 2.1a-b: Black colonies of hydrogen sulfide producing bacteria (SPB) formed on
H2S-TSA plate after 3 days of incubation at room temperature in anaerobic jar (a). The
morphology of Gram-negative bacterial cells of SPB under microscope (b).
Figure 2.2a-b: Growth curves of 5 predominant SPB bacteria in TSB at 25°C (a) and
30°C (b). Each data point represents the average of two replicates.
Figure 2.3a-b: Bacteriophage plaques in single drop method (a) and double agar overlay
method (b).
Figure 2.4: Restriction enzyme analysis of 9 SPB-specific bacteriophage isolates using
enzyme Dra I. Lane M, Lambda HindIII/EcoRI DNA marker; Lane 1-2, 211a digest and
DNA; Lane 3-4, 214a digest and DNA; Lane 5-6, 214b digest and DNA; Lane 7-8, 214c
digest and DNA; Lane 9-10, 217a digest and DNA; Lane 11-12, 218a digest and DNA;
Lane 13-14, 12a digest and DNA; Lane 15-16, 213a digest and DNA; Lane 17-18, 201a
digest and DNA.
Figure 2.5a-i: Electron microscopic images of 9 SPB-specific bacteriophages. Figures a-i
represent 211a, 213a, 214a, 214b, 214c, 217a, 218a, 201a, and 12a, respectively.
Figure 2.6a-b: Growth inhibition of 5 predominant SPB in TSB by phage cocktail with
MOI of 0.001, 0.01, 0.1, 1, 2, 5, 10 at 30°C (a), and with MOI of 1, 2, 5 and 10 at 20°C in
(b). Each data point represents the average of six replicates.
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Table 2.1: Summary of hydrogen sulfide producing bacteria and bacteriophage isolates
from various raw materials
SPB
Raw materialsa

Bacteriophage

Sourcesb

Number of
CFU/g

isolates

isolates
Poultry meat

F

Ca. 2 × 104

24

11

Fish meat

B, F, I

Ca. 2 × 104

26

23

Pork

B, F, I

Ca. 2 × 104

22

0

Beef

B, F, I

Ca. 2 × 104

35

2

Chicken offal

P

Ca. 4 × 104

6

NTc

P

Ca. 2 × 106

20

16

P

Ca. 4 × 106

9

NT

Feather processing
water
Chicken Feather

a

Meats purchased from supermarkets were either expired or near expiration date.

b
c

	
  

B, F, I are supermarkets in Clemson, SC; P is Carolina By-products in Ward, SC.

NT means not tested.
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Table 2.2: Host range of nine hydrogen sulfide producing bacteria-specific
bacteriophagesa
Predominant SPB Strains

Isolates of
bacteriophagesb

S12

211a

-

213a

a

S203

S183

S211

-

-

-

++

-

-

-

++

-

214a

-

-

-

-

+

214b

-

-

-

++

-

214c

-

-

-

+++

+++

217a

-

-

+

++

218a

-

-

-

+

++

12a

+++

-

-

-

-

201a

-

+++

-

-

-

+++

A subset of the host range data obtained for 36 bacteriophage isolates screened against 142 SPB strains.

b

	
  

S201

Lysis results were recorded as decreasing lysis effect as follows: +++, ++, +; -, no lysis.
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Table 2.3: Morphology of nine hydrogen sulfide producing bacteria-specific
bacteriophages under transmission electron microscope (TEM)
Morphology
Phage

Family
Plaque

a

b

Head (nm)

Tail (nm)

Tail Type

211a

Medium

77 ± 4

132 ± 9

Non-contractile

Siphoviridae

213a

Small

65 ± 4

144 ± 4

Contractile

Myoviridae

214a

Medium

73 ± 4

171 ± 7

Non-contractile

Siphoviridae

214b

Medium

68 ± 4

156 ± 4

Contractile

Myoviridae

214c

Medium

82 ± 4

123 ± 4

Non-contractile

Siphoviridae

217a

Medium

87 ± 7

195 ± 8

Non-contractile

Siphoviridae

218a

Medium

69 ± 6

226 ± 6

Non-contractile

Siphoviridae

201a

Small

84 ± 5

139 ± 7

Contractile

Myoviridae

12a

Large

54 ± 6

140 ± 6

Non-contractile

Siphoviridae

a.

Size of plaques (diameter): small (0~2 mm), medium (2~4 mm), and large (4~6 mm).

b.

Head and tail measurements are the average of 10 phage particles ± standard deviation.
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Figure 2.1a:
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Figure 2.3a:

Figure 2.3b:
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Figure 2.4:
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Figure 2.5a-b:

Figure 2.5c-d:
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Figure 2.5e-f:

Figure 2.5g-h:
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Figure 2.5i:
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Figure 2.6a:
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CHAPTER THREE
APPLICATION OF BACTERIOPHAGE COCKTAIL TO TREAT HYDROGEN
SULFIDE PRODUCING BACTERIA IN RAW ANIMAL MATERIALS DESTINED
FOR THE RENDERING PROCESS
Abstract
Nine bacteriophage isolates were tested for controlling H2S production by
hydrogen sulfide producing bacteria (SPB) in different raw animal materials. The
multiplicity of infection (MOI) ratios of 1, 10 and 100 were compared. The amount of
H2S production was determined using either test strips impregnated with 0.05, 0.5 or 10%
lead acetate or a H2S monitor. The five predominant SPB isolates were inoculated into
fresh ground chicken meat at an initial population of 4 logs CFU/g, which produced
detectable H2S by the test strip assay after 4 and 8 h of incubation at 37 and 30°C,
respectively. With the bacteriophage treatment, H2S production was reduced up to 35 and
47% at 37 and 30°C, respectively. At low temperature (20°C), the detectable time for H2S
production was extended to 9 and 12 h with the initial SPB populations of 5 and 6 logs
CFU/g, respectively. The phage treatment reduced H2S production by 69 and 55% in
fresh ground chicken meat inoculated with initial SPB populations of 5 and 6 logs
CFU/g, respectively. To test the effectiveness of the bacteriophage cocktail against
naturally occurring SPB, ground chicken meat was incubated at room temperature (22°C)
for 5 h, which allowed the indigenous SPB to grow to 4~5 logs CFU/g. The
bacteriophage treatment resulted in 25 and 57% reduction of H2S production at 37 and
30°C, respectively. In blended chicken guts and feathers containing ca. 4 and 6 logs
CFU/g of indigenous SPB, respectively, the bacteriophage treatment reduced H2S
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production by 56 and 62% at 30°C, respectively. Among all phage treatments, a MOI of
100 exhibited the highest inhibitory activities against SPB on H2S production, but was
not significantly different (p>0.05) from MOIs of 1 or 10.
Under the greenhouse conditions, phage treatment with a MOI of 1,000 achieved
ca. 30~85% reduction of H2S production and 61% in SPB population in chicken offal. As
compared to maximum SPB reduction of 32% achieved by spraying phage cocktail on
chicken feathers, the alternative phage treatment of adding phages with MOI of 100 to
feather processing water successfully reduced SPB population by 82%.
Overall, phage treatment with high MOI values of 100 and 1,000 achieved ca.
25~85% reduction of H2S generated by SPB in raw poultry materials. However, several
factors were found to affect lytic activities of bacteriophages such as initial SPB level,
temperature, and contact efficacy between SPB cells and phages. Our results
demonstrated our phage cocktail is effective in reducing the production of H2S by SPB in
raw poultry materials significantly.

Introduction
In the United States, over 8 billion animals such as hogs, cattle and chickens are
produced, slaughtered, and processed annually (Hamilton and Meeker, 2006), resulting in
large amounts of inedible by-products such as heads, feet, offal, feathers, etc.
Microorganisms from animal hide/skin, gastrointestinal tracts and processing equipment
can easily contaminate these by-products and cause spoilage by rapid multiplication at
ambient temperature. Spoilage of these by-products is always accompanied by the
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production of off-odors and off-colors when the bacteria utilize substrates such as protein
and amino acids for metabolism (Gram & Huss, 1996). Some spoilage microorganisms
produce hydrogen sulfide (H2S) during metabolism and have been appropriately named
hydrogen sulfide producing bacteria (SPB). When the population of SPB exceeds 7 logs
CFU/g in raw animal material, spoilage becomes sensory detectable (Katkou et al., 2007).
To control the pathogenic and spoilage bacteria in raw animal meats, many
preservation methods have been developed and applied to foods such as modified
atmosphere packaging, bacteriocinogenic lactic acid bacteria, antibacterial essential oils,
etc. In addition, chemical agents such as nitrate salts, organic acids, and antibiotics have
also been employed (Leisner et al., 1996; Ouattara et al., 1997; Saucier et al., 2000).
However, there are no published studies focusing on the biological control of SPB in raw
animal by-products for use in the rendering process.
Bacteriophages were discovered nearly a century ago and have been used for
more than 60 years for bacterial control. In recent years, bacteriophage treatment has
drawn much attention due to the rapid development of antibiotic resistance by bacteria.
Although many factors affect the inhibitory effect of phage treatment such as
temperature, multiplicity of infection (MOI), and incidence of phage attachment to
bacterial cells, some researchers have successfully applied bacteriophages to raw meat to
control spoilage microorganisms and extend the shelf life of meat products. For example,
Greer et al. (1986) applied bacteriophages to control Pseudomonas in beefsteaks,
extending the shelf life from 1.6 to 2.9 days. Greer and Dilts (2002) also demonstrated
the control of a pork spoilage organism, Brochothrix thermosphacta, with phage
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treatment. In that study, the shelf life of pork treated with phage was extended from 4 to 8
days compared to control samples. Other studies have demonstrated the successful
application of bacteriophages for reducing pathogens in live animals (Smith and Huggins,
1983; Sheng et. al., 2006; Atterbury et. al., 2007), fresh products (Leverentz et. al., 2003;
Pao et. al., 2004), meat products (Greer et. al., 1988; Whichard et. al., 2003) and readyto-eat foods (Intralytix, 2006). However, there is a lack of research on the application of
bacteriophages in controlling spoilage bacteria, especially SPB in raw animal materials
destined for the rendering process. Therefore, the objective of this study was to develop a
SPB-specific bacteriophage cocktail for application and investigate if such phage
treatment can effectively control the growth of SPB and reduce H2S production in raw
poultry products for the rendering process.

Materials and Methods
Bacterial culture and phage stock preparation
Five predominant SPB strains isolated from meat and raw animal by-products
(S12, S201, S203, S183 and S211) were grown overnight in tryptic soy broth (TSB;
Becton Dickinson, Sparks, MD) at 37°C with shaking (120 rpm). Bacterial cells were
collected by centrifugation (5,000 rpm, 10 min), washed in 0.85% saline, and adjusted to
an optical density of 0.5 at 600 nm wavelength (approximately 9 logs CFU/ml). Phage
stock solutions were prepared as described in Chapter 2. They were incubated at 37°C for
30 min and diluted to the desired concentrations using SM buffer [100 mM NaCl, 8 mM
MgSO47H2O, 50 mM Tris-HCl (pH 7.5)].
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Phage titer was determined by the double agar layer plaque assay as described in
Chapter 2. The phage cocktail consisted of 9 strains of SPB-specific bacteriophages
(211a, 213a, 214a, 214b, 214c, 217a, 218a, 201a and 12a) selected from a total of 52
phage isolates. Multiplicity of infection of 1, 10, 100 or 1,000 (greenhouse study) was
used in the following experiments.
Preparation of hydrogen sulfide detection strips
Hydrogen sulfide production was detected and quantitatively determined by a test
strip impregnated with lead acetate (PbAc). A No. 2 filter paper (Whatman, Piscataway,
NJ) was cut into 1 cm × 9 cm strips (1.2 cm × 14 cm for greenhouse study). Lead acetate
stock solution was prepared by dissolving 40 g PbAc (ACROS, Fair Lawn, NJ) in 100 ml
sterile distilled water and diluted to the desired concentrations with distilled water. Test
strips were sprayed with 100 µl of the diluted lead acetate (200 µl in greenhouse study)
and dried inside a biological safety hood at room temperature (Labconco, Kansas city,
MO) for 1 h.
Lead acetate titration for determining the hydrogen sulfide amount
The titration curve obtained in this test was used to convert the blackened length
of the test strip to the amount of H2S absorbed. First, stock solutions of 5 g/l iodine (I2)
and 0.1 M sodium thiosulfate (Na2S2O3) were prepared by dissolving 50 g of I2 and 15.8
g of Na2S2O3 in 1 liter of distilled water, respectively, and then diluted to required
concentrations for titrating the test strips impregnated with PbAc. The blackened test strip
was cut into small pieces and reacted with a mixture of I2 and 5 M hydrochloric acid
(HCl) until the black color disappeared, indicating that all of the lead sulfide (PbS) had
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been oxidized. Residual I2 was titrated by Na2S2O3 solution with 0.5% starch as an
indicator of titration end-point. Control samples of test strips without PbAc were also
measured. The volumes of I2 and Na2S2O3 solutions were recorded to calculate the
amount of H2S absorbed by each test strip. The titration curve was constructed with
blackened length (mm) of test strip as the x-axis and amount of H2S (µg) as the y-axis.
Correlation factors were determined by regression analysis in Excel (Microsoft,
Redmond, WA).
Modified Mason jar preparation
To study the phage treatment of raw chicken offal, feathers, and feather
processing water under greenhouse conditions, modified Mason jars (Mason jar; Ball,
Daleville, IN) were constructed to accommodate large sample volumes. Briefly, both the
top and bottom of a 25 ml pipette were cut off, and the pipette was fixed into a hole in the
lid of a 1-liter Mason jar. Silicon glue (GE, Huntersville, NC) was used to seal the gap
between the cut pipette and Mason jar’s lid. A test tube cap was put on top of the cut
pipette and sealed with Parafilm® (Pechiney, Chicago, IL) to allow sampling of H2S at
predetermined intervals.
Preparation of raw meat
Raw chicken meat near the expiration date was acquired from a local grocery
store. Raw chicken offal, feathers and feather processing water were collected from
Valley Protein rendering facility (Ward, SC) and Amick poultry processing plant
(Batesburg-Leesville, SC). Collected raw materials were stored at -20°C and thawed
before use. Raw chicken meat and chicken offal was first cut into smaller pieces using
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sterile scissors and then aseptically blended in a Waring blender (Model: 51BL30,
Torrington, CT) with six volumes of 0.85% saline. Chicken feathers were cut aseptically
into small pieces using sterile scissors inside a biological hood.
Phage challenge study with different MOIs
In each screw-capped tube (13 × 100 mm), 100 µl of a mixture of 5 predominant
SPB strains were added in 800 µl of blended chicken meat to a final concentration of 104
CFU/ml and mixed thoroughly using a vortex mixer (VWR, West Chester, PA). Twentyfour tubes were divided into 3 groups and incubated at 20, 30, or 37°C. To each tube, 100
µl of either bacteriophage cocktail (MOI of 1, 10, or 100) or SM buffer washed from
TSA plate was added and mixed using a vortex mixer. A hydrogen sulfide detection strip
was hung on the top of each tube being fixed to the tube cap. The lengths of blackened
strips were recorded at selected sampling intervals and converted to the amount of H2S
production based on the titration curve of lead acetate at the desired concentration. For
each experiment, two trials were conducted at separate times.
Green house study
To simulate conditions during transportation of raw animal materials, a
greenhouse study was performed. In a greenhouse facility (Clemson University,
Clemson, SC), the maximum temperature was set to 30.5°C (ca. 3-4°C less than outdoor
temperatures during the summer), which was also recorded by a remote monitoring
system (Argus Control System Ltd., White Rock, British Columbia, Canada) as well as
the humidity of the experimental unit. Daily light intensity inside the greenhouse was set
to 700 Wm-2 and monitored by LI-COR pyranometer (Argus Control System) during all
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experiments. Occasional shading, forced ventilation and evaporated cooling were used to
meet the criteria for the greenhouse setting.
In the modified Mason jars, 450 ml blended chicken offal, 90 g cut-feathers or
405 ml feather processing water was added and mixed with 50, 10 and 45 ml of prepared
phage cocktail for each treatment group, respectively. Equal volume of SM buffer
washed from TSA plates was added to the control jar. In the trials of blended chicken
offal and feathers, two different H2S measuring methods, H2S monitor and PbAc test
strip, were used to determine the amount of H2S production. Plate enumeration on H2STSA plates was employed to determine the SPB population. All the samples in Mason
jars were kept in the greenhouse for 12 h. Every 4 h, H2S production was measured by
using either the H2S monitor (Gasbadge Plus, Industrial Scientific, Oakdale, PA) or
reading the blackened length on each test strip.
Statistical analysis
Bacterial count data were converted to log10 CFU/ml or g for statistical analysis.
An analysis of variance (ANOVA) for a completely randomized design was conducted to
determine if general differences existed between treatment means using the general linear
model (GLM) procedure. Specific comparisons among different phage treatments were
accomplished with Tukey’s test. All statistical analyses were performed using Statistical
Analysis System 9.1 (SAS; SAS Institute, Cary, NC).
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Results
Lead acetate (PbAc) test strip titration
By titrating the PbS on the test strip, titration curves and equations were generated
for relating the blackened length of the test strips to the amount of H2S absorbed. The
titration curves and equations for three concentrations of PbAc are presented in Figure
3.1a-c. For test strips impregnated with 0.05, 0.5 and 10% PbAc, the equations were y =
0.7111x + 0.2099, y = 0.6647x - 0.5576 and y = 12.391x - 6.7074, respectively. The
correlation factors for 0.05, 0.5, and 10% PbAc test strips were 0.9992, 0.9905 and
0.9988, respectively.
Association between growth of SPB and H2S production in TSB
Table 3.1 summarized the relationship between the growth of SPB in TSB and the
H2S amount. Apparently, the H2S production became detectable when the growth of SPB
reached late log or early stationary phase.
Bacteriophage treatment of artificially inoculated SPB in raw meat
Raw chicken meat, inoculated with 5 predominant SPB strains (104~106 CFU/ml),
was treated with the bacteriophage cocktail at a MOI of 1, 10, and 100 at 20, 30 and
37°C.
Hydrogen sulfide production was detected by the test strip assay after 4 h
incubation at 37°C in control samples, and 5 h in phage-treated samples (Figure 3.2a).
After 24 h incubation, samples treated with phages produced ca. 65~80% of H2S as
compared to the control sample. Although there was no significant difference (p>0.05) in
H2S released by SPB in samples treated with phage cocktails at different MOIs (1, 10 and
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100), samples treated with bacteriophage at a MOI of 100 yielded the least amount of
H2S. Based on the log phase of H2S release curve, H2S release rates were calculated as
5.0, 4.3, 3.7 and 3.7 µg/h for control, phage treatment with a MOI of 1, 10 and 100,
respectively.
At 30°C, H2S production was detected by the test strip after 7 h of incubation in
controls and total H2S production was decreased by 57% as compared to the control at
37°C (Figure 3.2b). With the bacteriophage treatment at a MOI of 100, H2S production
was delayed by 1 h, and reduced up to 47% within 24 h as compared with the control
sample at 30°C. Similar to phage treatment at 37°C, there was no significant difference
(p>0.05) among phage treatments with MOIs of 1, 10, 100. Based on the log phase of
H2S release curve, H2S release rates were calculated as 2.2, 1.8, 1.8 and 1.7 µg/h for
control, phage treatment with a MOI of 1, 10 and 100, respectively.
In considering the slow metabolic activity of SPB at lower incubation
temperatures, 105 CFU/ml of predominant SPB were inoculated into chicken meat and
incubated at 20°C for H2S measurement. The time for H2S detection in control sample
was extended to 9 h at 20°C (Figure 3.2c), and the maximum H2S production was
decreased by 82 and 58% as compared at 37 and 30°C in control samples with an SPB
inoculation level of 104 CFU/ml. With phage treatment, H2S production was detectable
after 10 h. Phage treatment at a MOI of 1, 10 and 100 reduced H2S production by 55, 69
and 69%, respectively. Based on the log phase of H2S release curve, H2S release rates
were 0.4, 0.2, 0.1 and 0.1 µg/h for control, phage treatment with MOI of 1, 10 and 100,
respectively.
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Even though the initial population of SPB was increased to 106 CFU/ml, close to
the level in spoiled meat, there was a 55% reduction of H2S production with phage
treatment (Figure 3.2d). However, the phage treatment could not delay the time that H2S
was first detectable at 8 h of incubation. Based on the log phase of H2S release curve, the
H2S release rates were calculated as 2.4, 1.3 and 0.9 µg/h for control, phage treatment
with MOI of 1 and 10, respectively.
To validate if the current phage cocktail was effective against naturally occurring
SPB in meat products, we allowed the indigenous SPB in chicken meat to multiply to 4~5
logs CFU/g prior to phage treatment. In the presence of 4 logs CFU/g of indigenous SPB,
the initial time for H2S detection was 5 and 8 h of incubation in both control and phage
treatment samples at 37°C and 30°C, respectively (Figure 3.3a-b). However, within 14 h
incubation, the total yield of H2S production was reduced by 25 and 57% in the samples
treated with phage cocktail with a MOI of 100 at 37 and 30°C, respectively. By analyzing
the H2S release curves, we found that the H2S release rates were different between the
samples at 37 and 30°C, and also between the samples with or without phage treatment
(p<0.05). In the log phase of H2S production, H2S was produced at 0.8 µg/h in control
samples, which was 2.4 times the average rate of samples treated with phages at 30°C.
The H2S release rate was increased to 4.1 µg/h in control sample at 37°C, which was 1.2
times of the average rate of 3.3 µg/h with phage treatment. The differences in final yield
of H2S and H2S release rates between phage treatment and control samples revealed that
higher incubation temperature promoted the H2S production by SPB, but reduced the
inhibitory effect by phage treatment.
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For the phage treatment of chicken offal with 4 logs CFU/g of indigenous SPB at
30°C, H2S production was delayed by 2 h as compared to the control sample (Figure
3.3c). At a MOI of 100, phage treatment resulted in a 56% reduction of H2S production
up to 14 h incubation as compared with 38 and 53% in samples treated with MOI of 1
and 10, respectively. Based on the log phase of H2S release curve, the H2S release rates
were calculated as 4.3, 2.1, 1.6 and 1.5 µg/h for control, phage treatment with MOI of 1,
10 and 100, respectively.
For the phage treatment of chicken feathers with 6 logs CFU/g of indigenous SPB
at 30°C, H2S production of both control and treatment samples was detected after 5 h
(Figure 3.3d). At a MOI of 100, phage treatment resulted in a 62% reduction of H2S
production in 14 h incubation as compared with 40% and 58% in samples treated with
MOI of 1 and 10, respectively. Based on the log phase of H2S release curve, H2S release
rates were calculated as 1.5, 0.9, 0.6 and 0.5 µg/h for control, phage treatment with MOI
of 1, 10 and 100, respectively.
In order to simulate conditions for transporting raw materials to a rendering plant,
a greenhouse study was performed using chicken offal and feathers as raw materials. In
the greenhouse study, environmental parameters including temperature, humidity and
global light energy of each trial were recorded by a remote monitoring system every 15
min during the 12 h trial from 9 AM to 9 PM (Figure 3.4). The average temperature in the
trials of chicken offal, chicken feathers and feather processing water were 29.0, 31.0, and
31.0 °C, respectively. The average humidity of 34.8, 59.8, and 60.9% were recorded
respectively in the trials of chicken offal, chicken feather and feather processing water.
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The average global light energy were 604.8 and 525.3 in the trial of chicken feathers and
feather processing water, respectively, but not available in the chicken offal trial.
Due to the large sample size required for the greenhouse study, H2S test strips
used in previous experiments were inadequate to measure large amounts of H2S. Two
H2S measurements, i.e., H2S test strips with higher PbAc concentrations and an H2S
monitor, were evaluated. As for the trials of feather processing water, only SPB
enumeration was used due to slow rate of H2S release within 12 h incubation.
For chicken offal with an initial SPB population of 6 logs CFU/g, phage treatment
with a MOI of 1,000 in 12 h reduced H2S production by 30 and 85% as measured by test
strips and H2S monitor, respectively (Figure 3.5a). There was a 0.4 log reduction of SPB.
Apparently, the amount of H2S production was measured much differently between test
strips and H2S monitor methods.
For phage treatment of chicken feathers with an initial SPB population of 7 logs
CFU/g, phage treatment (MOI of 100) in 12 h reduced H2S production by 54 and 30%
using the measurements of test strips and the H2S monitor, respectively (Figure 3.5b).
There was a 0.2 log reduction of SPB population.
Phage cocktail was also used to treat feather processing water with an initial SPB
population of 7 logs CFU/ml. Phage treatment with a MOI of 100 reduced SPB by 82%
(0.8 log) as determined by plate enumeration (Table 3.2). The other two measuring
methods did not work due to very low levels of H2S released from the feather processing
water. To determine the adverse effect of ultraviolet (UV) light on bacteriophage
viability, an experiment comparing phage treatment in the presence of UV light was also
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performed. There was no significant (p>0.05) difference in SPB reduction between the
groups with or without UV exposure (Table 3.2).

Discussion
In this study, in order to evaluate the effectiveness of phage treatment on H2S
production, three methods including PbAc test strips, H2S monitor and plate enumeration
were used to measure either H2S production or SPB population. The amount of H2S
produced was dependent on the SPB population. The time of H2S detection by test strips
and the H2S monitor was negatively correlated with the increase in SPB population. The
lowest SPB population in nutrient broth required for H2S detection was greater than 9
logs CFU/ml, when SPB growth was in late log or early stationary phase (Table 3.1).
High correlation factors (R2>0.99) obtained from lead acetate (PbAc) test strip
titration indicated that the blackened length of the test strips correctly detect the amount
of H2S being absorbed. Therefore, the PbAc test strip method can be considered as a
quick, reliable and cheap method for measuring H2S production. The H2S monitor used in
this study is a widely used piece of safety equipment in the rendering industry to monitor
H2S levels and alert workers when H2S concentrations reach unsafe levels. The detection
limit is 0.1 ppm H2S, which can provide accurate measurements of H2S production in the
range of 0.1~500 ppm of H2S. However, in the greenhouse study, the results of H2S
reduction obtained from test strips and the H2S monitor did not match to each other. For
example, the reductions of 30 and 85% were measured by test strip and H2S monitor,
respectively, in the chicken offal sample treated with phage cocktail with a MOI of 1,000
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(Figure 3.5a). In the trials with chicken feathers, reduction of H2S production was
measured higher by test strip than H2S monitor (Figure 3.5b). The possible explanation is
that the test strip may have been saturated with H2S generated in chicken offal samples
due to the higher H2S production of 50~300 µg. For chicken feather samples, the H2S
monitor may not have detected the H2S signal because of low H2S production of 0~20 µg.
These results emphasize that the H2S detection method needs to be carefully chosen
based on the level of H2S. Although the values of H2S reduction obtained using test strip
and H2S monitor were not consistent in different trials due to their own limitation in
sensitivity, the overall trend of H2S reduction by phage treatment has demonstrated the
high effectiveness of inhibitory effect, which was confirmed by plate enumeration of SPB
population in greenhouse trial.
Multiplicity of infection is considered as an important factor determining the
effectiveness of phage treatment. Normally, phage treatment with higher MOIs has
stronger lytic activities on bacterial cells than lower MOIs. In our study, all tests
conducted under laboratory conditions revealed a dose dependent response of MOI on the
lytic activity of bacteriophages. In the trials with raw chicken meat, chicken offal or
feathers, phage treatment with a MOI of 100 achieved higher reduction of H2S than
samples treated with a MOI of 1 and 10. As described in Chapter 2, a decrease in
inhibitory effect by phage cocktail with a MOI from 10 to 0.001 was also observed in
TSB. Many studies focusing on phage application used phage cocktails with MOIs of 1 to
1,000 and also observed a dose response effect of MOI (Leverentz et al., 2003; Sheng et
al., 2006; Abuladze et al., 2008; Heringa et al., 2010). Several other studies used high
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MOIs of 104~106 to reduce pathogens in broilers (Huff et al., 2003; Higgins et al., 2005;
Wagenaar et al., 2005; Atterbury et al., 2007). However, in a study conducted by
Callaway (2008), phage treatment with a MOI of 1 was found to be more effective than
higher MOI of 10 and 100. This may be explained by the fact of “lysis from without”
(Kutter and Sulakvelidze, 2005). When a bacterium is infected by multiple phages
simultaneously, the bacterial cell would be lysed by cell wall degradation instead of
phage replication. Thus, phages are unable to maintain a self-sustaining chain reaction.
Due to the lack of appendages for movement, bacteriophages encounter host cells
by random movement when in solution. Therefore, incidence of phage attachment on
bacterial cells may also determine the inhibitory effect of phage treatment. In the
greenhouse study of chicken feathers, there was low reduction (30~54%) of H2S as
compared with H2S in chicken offal with phage treatment (30~85%). This may be
explained by the fact that the phage solution could not be sprayed or mixed with feathers
thoroughly like it was in the blended chicken offal. As such, the phages could not attach
to the bacterial cells to exert a strong lytic activity. Therefore, a carrier that is able to
convey the phages to the place where bacteria gathered is necessary. In a poultry
processing plant, circling water is used to transfer the feathers. This could be used to
evenly distribute the phages on the feathers. Thus, further study with feather processing
water was performed. Phage treatment with a MOI of 100 produced the highest inhibition
by reducing SPB populations of 82% (0.8 logs) as compared to 51% (0.4 log) in chicken
offal, and 32% (0.2 log) in chicken feather samples. Therefore, phage treatment in feather
processing water was found to be the more effective method to reduce the SPB number in
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feathers and eliminate H2S production. Our results emphasized that the barrier in food
matrices between phage and indigenous SPB played an important role in the effectiveness
of bacteriophage inhibition on SPB.
Based on results described above, incubation temperature was found as a critical
factor affecting SPB growth. Hydrogen sulfide producing bacteria grew faster at higher
temperatures such as 37°C resulting in reduced effectiveness of phage treatement. For
example, in raw chicken meat inoculated with SPB, phage treatment reduced H2S
production by 35, 47~57 and 71% at 37, 30 and 20°C, respectively. At 20°C, the growth
rate of SPB was lower as compared with SPB incubated at 37 and 30°C; thus, phages
have more time to contact and lyse the target bacterial cells. When more bacterial cells
are propagated at 37 or 30°C, possible development of bacteriophage insensitive mutant
(BIM) can diminish the inhibitory effect by phage treatment. Bacteriophage insensitive
mutant can be induced as long as the phage treatment is applied (Alisky et al., 1998) and
may even reach a higher level as compared with control (Heringa et al., 2010). In most
situations, single phage is not sufficient to eliminate an entire bacterial population in
broth, therefore, a phage cocktail is necessary and important to prevent development of
BIM (O’Flynn et al., 2004; Mclaughlin et al., 2007)
For the phage treatment in raw chicken meat inoculated with predominant SPB,
both the minimum time required for H2S detection and suppression of H2S production
were reduced as compared to phage treatment in TSB (Chapter 2). This can be explained
by the fact that in raw meat samples, some indigenous SPB strains, albeit at low levels,
may not be inhibited by phages designed specifically for the predominant SPB mixture.
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However, the amount of H2S production from inoculated SPB mixture and these
indigenous SPB was measured together, therefore less effectiveness on SPB inhibition of
phage treatment was observed in raw meat samples than in TSB. The adverse influence
on effectiveness of phage treatment may also come from the matrix effect on phage
activities. Binding of phage to meat materials can result in reduction of available phage
particles (Favrin et al., 2001).
As compared with phage treatment in artificially inoculated meat (Table 3.3), the
lag phase extension of H2S production was not observed in the samples with indigenous
SPB except for chicken offal (Figure 3.3a-d). Due to the presence of various species of
indigenous SPB in the microflora of spoiled meat and animal by-products, the phage
cocktail used in this study may not have been able to inhibit all species of SPB, especially
when a large initial population of indigenous SPB was present in these samples, and H2S
was produced immediately without lag phase extension at 30°C. Similar results were
obtained by some previous studies. In the study conducted by Greer and Dilts (1990),
failure of phage treatment to reduce Pseudomonas-caused spoilage was not attributed to
the loss of phage virulence but a narrow range of specificity of the 7-phage cocktail.
Goode et al. (2003) reported their study of phage treatment on chicken skins resulting in
95% reduction of C. jejuni numbers and 99% reduction of Salmonella Enteritidis.
Higgins et al. (2005) used phages that reduced Salmonella in poultry carcasses by 5093% in different experimental groups. This range of inhibitory effect is close to the
results obtained in this study with artificially inoculated raw meat samples ranging from
35-69% reduction of H2S production or SPB population as compared with control

	
  

81	
  

sample. It was also found that a higher concentration of phages added to lower inoculated
numbers of bacteria (higher MOI) could reduce more Salmonella population from
inoculated chicken carcass (Higgins et al., 2005). Moreover, the low inhibitory effect of
55~60% reduction of Salmonella with phage treatment on naturally contaminated
samples was attributed to the relatively small library of bacteriophages, which also
emphasized the importance of developing a bacteriophage cocktail having a broad host
range. In agreement with their study, we also observed that phage treatment could not
eliminate all SPB cells, especially naturally contaminated SPB, which may not be within
the host range of the phage cocktail used in this study. Therefore, there is a need to
include phage isolates in the cocktail with a broad host range.
Based on this study, the initial load of SPB plays a significant role in the
effectiveness of phage treatment. When a higher SPB population was in raw animal
materials, especially stored at higher temperatures, there were less lytic activities of
phage observed. Therefore, phage treatment needs to be applied to raw animal materials
as early as possible and these materials should be stored at lower temperatures.
It is noteworthy that even though phage treatment could not extend the lag phage
of naturally occurring SPB, the amount of H2S production was significantly reduced as
compare with the control. Possibly, the bacteriophage may adversely affect the H2S
production pathways. Further study is needed to deliberate the mechanisms of inhibition
of H2S production by bacteriophage. Overall, the bacteriophage cocktail developed in this
study can prevent the SPB growth in raw animal materials and subsequently reduce H2S
production effectively.
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Conclusions
This study applied a bacteriophage cocktail to control the growth of SPB,
consequently reducing H2S production in raw animal materials for the rendering process.
The effectiveness of phage treatment was positively correlated with the MOI. With a
MOI of 100, phage treatment resulted in a 0.8 log reduction of SPB and up to 85%
reduction of H2S production in raw poultry materials containing an initial SPB level of 6
logs CFU/g or lower at 30°C. In artificially inoculated chicken meat, phage treatment
delayed H2S production for up to 1 h when SPB was less than 6 logs CFU/g. However,
there was no delay of H2S production in naturally occurring SPB at 30°C except for in
chicken offal, even though the amount of H2S was reduced with phage treatment. Phage
treatment in liquid environments such as feather processing water was found to be more
effective than spraying onto feathers or mixing with chicken offal. Due to the numerous
species of indigenous SPB existing in raw meat materials, the host range of phage is
considered as a critical factor for phage treatment. However, the results demonstrated the
phage cocktail used in this study was still effective against the predominant indigenous
SPB in tested raw poultry samples. Although the current bacteriophage mixture cannot
eliminate the production of H2S by SPB completely, it can reduce the harmful gas
significantly to a relatively low level, especially in combination with low temperature
storage. In order to be used for rendering applications, further studies on screening
additional SPB-specific bacteriophages with a broad host range are needed.
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Figure legend
Figure 3.1a-c: Titration curves of test strip impregnated with 0.05% (a), 0.5% (b) and
10% (c) lead acetate. Each data point represented the average of 3 trials.
Figure 3.2a-d: Application of bacteriophage cocktail to raw chicken meat inoculated with
4 logs of SPB at 37°C (a) and 30°C (b), with 5 logs of SPB at 20°C (c) and 6 logs of SPB
at 20°C (d). Each data point represented the average of 2 trials. Symbols “

”, “

”, and

“ * ” represent phage treatment with MOI of 1, 10, and 100, respectively, while the solid
line denotes the control.
Figure: 3.3a-d: Application of bacteriophages cocktail in raw chicken meat with 4 logs of
indigenous SPB at 37°C (a) and 30°C (b), in chicken offal with 4 logs of indigenous SPB
(c) and in chicken feather with 6 logs of indigenous SPB (d) at 30°C. Each data point
represented the average of 2 trials. Symbols “

”, “

”, and “ * ” represent phage

treatment with MOI of 1, 10, and 100, respectively, while the solid line denotes the
control.
Figure 3.4a-b: Environmental data of greenhouse study including temperature (a),
humidity (b) and global light energy (c).
Figure 3.5a-c: Greenhouse study of applying bacteriophage cocktail to chicken offal with
MOI of 1,000 (a), chicken feathers with MOI of 100 (b) using test strip, H2S monitor and
plate enumeration methods. Each data point represented the average of 2 trials. Solid
lines and dash lines represented the control and phage treatment, respectively.
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Table 3.1 Association between growth of SPB and H2S production in TSB
Incubation time (h) at 35°C
Measure
0

2

4

5

6

7

8

9

10

SPB (log
CFU/ml)

5.46
±0.03

6.44
±0.09

8.09
±0.06

NTa

9.18
±0.08

NT

9.26
±0.02

NT

9.41
±0.13

H 2S
production
(µg/ml)

UDb

UD

UD

0.39
±0.17

5.08
±0.17

8.60
±0.17

15.24
±0.30

18.07
±0.17

23.83
±1.22

a. NT, not tested.
b. UD, under detection limit.

Table 3.2 Effect of UV exposure on phage activities against SPB in feather processing
water
SPB number (log CFU/ml) at different incubation time (h) at 30°C
Treatment

UV
0

4

8

12

Control

+

6.9±0.04

7.5±0.25A*

7.9±0.05A

7.9±0.05A

Phage treatment

+

6.9±0.04

6.8±0.39B

7.1±0.12B

7.1±0.18B

Phage treatment

_

6.9±0.04

6.6±0.26B

6.9±0.25B

7.2±0.16B

* Values not followed by same letter are significantly different (p<0.05).
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Table 3.3 Summary of phage treatments of SPB in poultry by-product and feather
processing water.

Matrix

Temperature
(°C)

SPBa (log
CFU/ml)

Minimum time (h) for
H2S detectionc
MOIb
Control

Phage
treatment

Reduction
of H2Sd
(%)

Reduction
of SPB (log
CFU/ml)

37

4

100

4

5

35±0.3

N/Ae

30

4

100

7

8

47±0.9

N/A

20

5

100

9

10

69±3.0

N/A

20

6

10

8

8

55±1.2

N/A

37

4

100

5

5

25±0.4

N/A

30

4

100

8

8

57±5.0

N/A

Chicken
offal

30

4

100

7

9

56±1.0

N/A

Chicken
feather

30

6

100

5

5

62±1.9

N/A

Chicken
offal

Greenhousef

6

1000

4

4

57±39

0.4

Chicken
feather

Greenhouse

7

100

4

4

42±17

0.2

Feather
processing
water

Greenhouse

7

100

N/A

N/A

N/A

0.8

Inoculated
chicken
meat

Naturally
spoiled
chicken
meat

a. Values are initial populations of SPB (logs CFU/ml) inoculated or naturally occurring in sample matrix.
b. MOI, multiplicity of infection, used in phage treatment.
c. Values (h) are lag phase of H2S release curve.
d. Values are average reductions of H2S production with phage treatment as compare with control sample,
measured by test strip and H2S monitor in greenhouse study.
Reduction% = (H2S in control - H2S with phage treatment)/ H2S in control,
e. N/A is not available.
f. The average temperature over 12 h period of experiment for chicken offal, feather and feather processing
water were 29, 31, and 31°C, respectively.
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Figure 3.1a
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Figure 3.2b
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Figure 3.1c
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Figure 3.2a:
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Figure 3.2b:
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Figure 3.2c:
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Figure 3.2d:
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Figure 3.3a:
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Figure 3.3b:
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Figure 3.3c:
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Figure 3.4a:	
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Figure 3.4b:
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Figure 3.4c:	
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Figure 3.5a:
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Figure 3.5b:
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CONCLUSION
The application of bacteriophages for the elimination of pathogenic and spoilage
bacteria in the food industry is becoming more prevalent because bacteriophages are
specific to target microorganisms, relatively inexpensive to produce, and harmless to
humans and animals. In this study, we demonstrated that hydrogen sulfide-producing
bacteria (SPB) could be isolated from meat products by selective H2S-TSA medium.
SPB-specific bacteriophages were successfully isolated in abundance from the same
sources where the SPB were isolated. Both TEM and restriction enzyme analysis were
used to characterize and identify the phage isolates for developing a phage cocktail that
could inhibit the growth of host bacterial strains. The cocktail of 9 selected phages was
able to prevent the growth of a mixture of 5 predominant SPB strains for 10 h with the
multiplicity of infection (MOI) ratio of 0.1, 1, 2, 5 and 10 in TSB at 30°C, but was less
effective at 20°C.
Further, we applied this bacteriophage cocktail to control the growth of inoculated
or naturally occurring SPB in raw poultry products. The effectiveness of phage treatment
was positively correlated with the MOI. With a MOI of 100, phage treatment resulted in
ca. 0.8 log reduction of SPB population and up to 82% reduction of H2S production in
raw poultry materials containing SPB level of 6 logs CFU/g or lower at 30°C. In
artificially inoculated chicken meat, phage treatment delayed H2S production for up to 1
h, when SPB was less than 6 logs CFU/g. However, there was no delay of H2S
production in naturally occurring SPB at 30°C, even though the amount of H2S was
reduced with phage treatment. Phage treatment in liquid environments such as feather
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processing water was found to be more effective than spraying onto feathers or mixing
with chicken offal. Due to the numerous species of indigenous SPB existing in raw meat
materials, the host range of phage is considered as a critical factor for phage treatment of
raw meat. However, our results demonstrated our phage cocktail was still effective
against the predominant indigenous SPB in tested raw samples. Although the current
bacteriophage mixture cannot eliminate the production of H2S by SPB completely, it can
reduce the harmful gas significantly to a relatively low level, especially in combination
with low temperature storage. In order to be used for rendering applications, further
studies on screening additional SPB-specific bacteriophages with a broad host range are
needed.
Successful application of phage cocktail in the rendering industry not only
provides a safe environment for workers, but also can enhance the product quality of
rendered protein meals. To our knowledge, this is the first study to apply the
bacteriophage cocktail to reduce SPB population and H2S production presence in raw
poultry materials prior to the rendering process.
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